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FOREWORD 


The SPS syitems dermilion study wms initiated in December 1976. Purl I was cuinpicicd on May 1 . 1977. Part It technical work 
was completed October 3 1 , 1977. 

The study was managed by the Lyndon B. Johnson Space Center (JSC) of (he National Aeronautics and Space Administration 
(NASA). The Contracting Ofricer's Representative (COR) was Clarke Covington of JSC. JS(' study management team members 
included; 


Lou Livingston 

System Engineering and Analysis 

Dick Kennedy 

Power Distribution 

Lyle Jenkins 

Space Construction 

Bob Ried 

Structure and Tliermal Analysis 

Jim Junes 

Design 

Fred Stebbins 

Structural Analysis 

Sam Nassiff 

Conrtruction Base 

Bob Bond 

Man-Machine Interface 

Buddy Heineman 

Mass Properties 

Bob Gundersen 

Man-Machine interface 

Dickey Arndt 

Microwave System Analysis 

Hu Davis 

Transportation Systems 

R H Diet/ 

Microwave Transmitter and 

Harold Benson 

Cost Analysis 


Rectenna 

Stu Nachtwey 

Microwave Biological Effects 

Lou Leopold 

Microwave Generators 

Andtci Konradi 

Space Radiation Environment 

Jack Seyl 

Phase Control 

Alva Hardy 

Kudiation Shielding 

Bill Dusenbury 

Energy Conversion 

Don Kesster 

Cotlision Probability 

Jim Ciuni 

Pliotovoltaic Systems 

Bill Simon 

Thcnnal Cycle Systems 

The Boeing study munager was Gordon Woodcock. Boeing 

technical leaders were 


Vince Caluori 

Photovoltaic SPS's 

Walt Lund 

Microwave Transmitter 

Dan Gregory 

Thermal Engine SPS’s 

Owen iX’nman 

Microwave Dv*sign Integration 

FJdon Davis 

( onstruction and Orhit*lr>-Orbit 

Jack Gewin 

Power Distribution 


IransportHlion 

Don Grim 

Electric Propulsion 

Hal DiRamiu 

Earlh*to-Orbit Transportation 

Henry Hillbrath 

Propulsion 

Dr Joe Gauger 

Cost 

Dr led Kramer 

Ihcrmal Analysis and 0|ilics 

bob f on rad 

Mass Properties 

Keith Miller 

Human Factors and Conitrudiun 

Rod Darrov^ 

Operations 


Opt* rations 

Bill kinsley 

Flight ^ onirol 

Jack Olson 

C onriguration Design 

rxtis Bullock 

Structural iX'sign 

Dr. Henry Oman 

Photovoltaics 

Dr. hrvm Nalos 

Microwave Subsystem 

John Perry 

Structures 


I he (lenerjl Llectrii. ( umpany Space Divisiun was (he major sulKontraclor loi Ihe study llieir contnbulmns included Kankine 
cycle power jreneration. pov/er processing .ind swilchgear. microwave Iransmilter phase eontrol and allernativc transmitter config- 
urations, remote manipulators, and Ihin-film silicon photovoltuics 

Other subcontractors were Hughes Research Ccntei gallium arsenide photovoltaics. Varian klystrons and klystron prudiiclion. 
sriRh silicon solar cell directed energy annealing. 




Solar Power Satellite 
System Definition Study 
Executive Summary 
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GUIDELINES AND ASSUMPTIONS 

Guidelines and assumptions used during the course of the study arc suiiimari/ed here. It is emphasised that the approach taken to 
this study was to maximize confidence in results, rather than to imiiimi/e mass and cost projections by using optimistic or far- 
future technology extrapolations. This is reflected in the selection of energy conversion systems, in the selection of transportation 
systems, in the mass and cost estimating techniques and in the uncertainty analysis approach. 

A significant factor in overall cost characteristics is the maximum ionosphere beam intensity stated. This intensity limit strongly 
influences the cost characteristics of the ground receiving system, which represents approximately 25% of total costs. 
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Guidelines & Assumptions 


SPS-1668 


GUIDELINES 

• JSC INHOUSE STUDY (JSC 11568, THE "GREEN BOOK") SHOULD BE USED AS 
A POINT OF DEPARTURE. 

• SPS SYSTEM DESIGNED AND ANALYZED SHOULD REPRESENT THE EARLY 
PART OF A MATURE OPERATIONAL PROGRAM. 

• SPS SYSTEM DESIGNS SHOULD MAXIMIZE CONFIDENCE IN RESULTS RATHER 
THAN MINIMIZING MASS AND COST THROUGH MAJOR TECHNOLOGY 
EXTRAPOLATIONS. 

ASSUMPTIONS 

• INITIAL SPS’S DEPLOYED IN 1990'S 

• 1977 DOLLARS THROUGHOUT 

• SPACE TRANSPORTATION OPERATIONS KSC-BASED 

• SPSS OPERATE AT GEO 

• NOMINAL DESIGN OUTPUT 10,000 MEGAWATTS THROUGH TWO MICROWAVE 
LINKS AT 2.45 GHz 

• MAXIMUM INOSPHERE BEAM INTENSITY 23 MW/CM^ 
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SPS SYSTEM DEFINITION STUDY DESIGN EVOLUTIONS 

IX’sign evolutions of the principal types of SPS systems 4iid space supi^irt systems are stiowii. 

The photovoltaic SPS began with the iSC' truss configuration at a geometric concentration ratio of 2. This con tiitiira Cion was w/cU 
for heginniiigH>f<'lire output capability The configuration was resized to allow inaiiucnance ut output capability thruugliout the 
thirty-year design life system, by periodic array addition. At the completion of part 1 ot the study . a total ul 10 pliufuvollaic 
options had been defined as shown. These included silicon and gallium arsenide energy conversion at eoiu entratuMi ratios 2 and I 
and various power maintenance methods The lowest cost silicon system was selected fur continuance iiUti part 2. This system 
employed no concentration and used in situ aruicaling of the solar cells for power maintenance, fhe eunfiguration was further 
defined during part 2. The system output, with the optimum recteiina si/c, was reduced lo (JW as a a*sull of final definitions 
of the efficiency chain. 

The thermal engine analyses began with the 10 GW Brayton system defined under an earlier i oniract. Lurly m the subject study, 
an analysis of available data on plastic film relleclor degradation in the space environment sugitesCed (hat a MYA degradation nngfil 
(Kcur Consequently, the concentrators were enlarged to compensate. Tlie cunhguralton was next divided inin lb moilutes with 
t rough -shaped concentrators as shown under "con St rue lion i/ed Brayton.** During part I Kankine and I hetinionic systems were 
also evaluated. Initial evaluations indicated the Rankine system to he more massive than the Brayton system. Howi ver. a cycle 
temperature ratio optimization resulted in a lower overall mass. Additional design changes introduced ul ilits point eliminaicd 
steerable facets from the concentrator by Hying the system always exactly facing the sun. 

Toward the end of the study, new information became available on plastic film rcllectors indicating that degradation impaci would 
not occur and the final system configuration was^ therefore, resized to reflect nondegradation <i| the concentrat«n. 

The principal evolution in space transportation systems was in the launch vehicle. The study begun with the 2.^0 ion payhiad 
heavy lift launch vehicle at a projected cost for lranspi>ttation to orbit of S33 |>er kilogram Packaging indicalid that higher pat ^ 
load densities could make possible a reusable shroud. Staging optimi/ation studies led to a 400 ton heavy lifi launch vehicle (bat 
went through the evolution shown. Also, u two-stage winged vehicle option, based on earlier ISC' studies, was added. 

Studies of chemical orbit'.‘r transfer vehicles included space based and f.arih launched opium- The orbit transivi option taken 
from the Future Space fransportatjon System Analyses study was found to In* least cost .iitd was retained. fnveslig«itu*ji o| the 
means of moving the SPS hardware itself from low earth orhil to geosynchronmis ortut conliniied to indicate a signituaiil co»i 
advantage to the self*power concept. 

The evtdution of construction concepts begun with equipment concepts Hie initial construction base concetM was loi the cimkcu 
tration ratio 2 satellite ami included little detail other than overall size and shafie. Thi.s const rucl ion base ctmcepi involved lo itu* 
illustration shown at the lower right hand comer of the chart Musi of the structure is shown MiH.ked in widi slruclural iletail 
only on one small portion ot the construction base. This construction base includes capabilities to construct satellite iiUHhiles and 
transmitter antennas Analogous construction base concepts were developed for the thenti.il ciigute svsiem als4>. hut are ih>( 
on this chart. 
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SPS System Definition Study 
Design Evolutions 


SPS-194B 


ORIENTATION PART 1 MIDTERM 


SILICON 
JSC TRUSS CR 2 
10GWBOL 


PART 1 FINAL PART 2 MID TERM PARTS FINAL 


SILICON CR2 
10 GW EOL 

JL 


PHOTOVOLTAIC 

9S*8 



10 OPTIONS 
SILICON OaAs 
CR 2 CR 1 

VARIOUS POWER 
MAINTENANCE METHODS 


SILICON CR 1 SILICON CR 1 
10 GW EOL as GW EOL WITH 
ANNEALABLS RCCTENNA SIZE 
ANNEALAGLE 



(NOT TO SCALE) 


10GWGRAYTON 
MSFC STUDY 



BRAYTON WITH 
ENLARGED XONSTRUCTIONIZEO" 
CONCENTRATORS BRAYTON 


RANKINE 
PEP 


THERMAL ENGINE 
BPS’S 


230-TON HLLV 
HLLV STUDY 
SPACE *33rtCG 
TRANSPORTATKm 





RANKINE PEP 
NON-DEGRADINO 
CONCENTRATOR 

(NSW PLASTIC 
.PILMOATAI 



OTV 

C 


FROM FSTSA 


400-TON HLLV 


400-TON HLLV'8 
S20/KG & 

14 

“ A ', 


SELF-POWER OT8 
I1/8SPSMOOULEI 


CONSTRUCTION 

CONCEPTS 


CR*2 

CONSTRUCTION BASE 


CONSTRUCTION 

BASES 


CR-1 

CONSTRUCTION 

BASS 



CR-1 CONSTRUCTION BJ^ 
WITH ANTENNA PACIUTV 
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PRINCIPAL FINDINGS 


Principal findings of the study are summarized on this chart. The remainder of the executive summary section of this bnef*ng foU 
lows this general outline and provides substantiation of the statements. 
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POWER TRANSMISSION 


ENERGY CONVERSION 


SPACE CONSTRUCTION 
OPERATIONS 

SPACE TRANSPORTATION 
OPERATIONS 


SPS SYSTEM COSTS 


Principal Findings 


CONSTRAINTS DICTATE THE DESIGN 

DETAILED MICROWAVE LINK ERROR ANALVSISOONPiRKffiO 
ATTAINABILITY OF ACCEPTABLE LINK EFFICIENCY 

SILICON PHOTOVOLTAIC BEST OVERALL CHOKIE 
POTASSIUM RANKINE BACKUP CHOICE 

ASSEMBLY LINE FACILITY KEY TO HIGH PRODUCTIVITY 
LEO CONSTRUCTION LOWEST COST 

LOW COST DUE TO TRAFFIC LEVEL. NOT NEW TECHNOLOGY 
PAYLOAD VOLUME IS LAUNCH VEHICLE DESIGN DRIVER 

POWER COST IN 4 CENTS/kwh RANGE, COMPETITIVE 
BY YEAR 2000 

SYSTEM design FLEXIBILITY KEY TO COST CONFIDENCE 
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CONSTRAINTS DICTATE POWER TRANSMITTER DESIGN 

A systems analysis of power transmitter desigr^ considerations was conducted. The design process illustrated here controls the 
determinaiion of transmitter design. ITic desired power distribution voltage of 40 kv is a compromise between distribution effi' 
ciency and mass, and problems and risk associated with high voltage distribution. Power distribution is matched to klystron oper- 
ating conditions to minimize the amount of power processing required. Experience in developing and operating klystrons has 
indicated that tube maximum efficiency occurs in a relatively narrow range of perveance. Perveance and distribution voltage 
dictate beam current and the voltage and beam current dictate klystron power. Tube efficiency and thermal dissipation limits in 
terms of heat rejection capability then establish the maximum klystron installation density. The current value for this parameter is 
approximately 23 kw RF per square meter. 

Ionosphere heating limits determine the tr.msmitter aperture lin.its (larger aperture results in a smaller beam, to increase the 
ionosphere power density above whatever heating limit is established). Sidelobe limits arc quite uncertain at present but will prob- 
ably establish a transmitter power taper of at least 10:1. Povk'er taper, aperture limit, and maximum klystron installation density 
combined to determine the total transmitter power. This power and the subarray design limits, together with power taper, estab- 
lish the overall transmitter design. 


10 



D 180-22876'? 



SPS 1670 


Constraints Dictate Power Transmitter Design 

■ — ■ ■ ■ ' 


DESIRED 
DISTRIBUTION 
VOLTAGE 
40 KV 


KLYSTRON 

PERVEANCE 

FOR 

MAXIMUM 

EFFICIENCY 




THERMAL 
DISSIPATION i 
LIMITS 


KLYSTRON 
RF PO^VER 
70 KW 







SIDE LOBE 
LIMITS 


MAXIMUM 
KLYSTRON 
INSTALLATION 
DENSITY 
23 KW/m2 


TRANSMITTER 

APERTURE 

LIMIT-1KM 



WAVEGUIDE 
LENGTH 
MUST BE 
INTEGRAL 
NUMBER OF 
WAVELENGTHS 




TRANSMITTER 
POWER 
TAPER-10; 1 
(10 dS) 




PERMITTED 

SUBARRAY 

DESIGNS 


TRANSMITTER 
POWER 

16,000 MEGAWATTS) 





OVERALL 

TRANSMITTER 

DESIGN 
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MICROWAVE POWER TRANSMITTER DESIGN 

The main features of the power transniiUer ) is iMustruted on the facing page. Tlie basic power amplifier ekmcnt isu 70 kw 
hcat-pipe-cooled klystron. E^ch transmitter element indudes one klystron, its control and support ciamitry, its thennal control 
equipment, its distribution waveguides and its section of radiating waveguide. The subarray is the basic Eartli-manufactured unit. 
It IS approximately 10 meters M)u^re and will contain from 4 to klystron elements. The siibarrays. in fum. are integrated in the 
overall transmitter, bach transmitter includes 6. '^3 2 subarrays supt>oi ted on a Iwodier sfriii Uire At the hack of the structural 
assembly are the power processors that provide the necessary voltage changes and voltage regulation required bv the RF systems. 
Approximately \57f of the total power is processed, liie other S5 ^ being used directly by the klystrons without processing or 
regulation. Power interrupters and switch gear are provided for alt power supplied to the transmitter, so that the sector supplied 
by any power processor assembly can he i.si)lated or shutoff t. th<; event of failures or malfunctions. 

The power transmitter design illustr ited is an integrated design meeting the structural, thermal, electrical, and RF a*quiremeiits of 
the SPS power transmission system. 
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Microwave Power Transmitter 
Design Concept 
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FOWER TRANSRISSiON SYSTEM HICHUCHTS 


The pnnupat featureft of the power imnimKston ^y%lem arv mUaateU on the fucinf pape. Hie rclerence ayftfem employs a 10 '■ 
taper in ten steps with an option being a fourieen*step. 1 7*<iB taper providing an addiliofial 10 dB of sidelohc mippretsion. 
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Power Transmission System Highlights 




CURRENT 
RfftHfNei 

RSASONfOReMANQS 

OUTPUT POWCfl TH OHIO FffOM 
EACH RECTEMMA 

sow 

AjBBOW 

tf fidiNuv emm varumici 

ARRAY APERTURE 
fLLUMIMATION 

lomp 

TRUNCATED 

UMbOAUSMAN 

SAMS 


(ALTERNATE ILLUMINATION) 


(14 STEP) 
(17^ 

PROVIDES AOOITfONAI. fS»OP 
SlOf LOBE SUPPRESSION 

SUBARRAY SIZE 

100m2 

iisW 

OEOItETRIC CONSTRAINTS 

NUMBER Of SUBARRAVS 

7BS0 

§n2 

LAROER AREA PER tUBAmiAV 

ERROR BUDGET >■ 




PHASE CONTROL 

ilO® 

SAME 


AMPLITUDE 

*1Bb 

SAME 


SUBARRAY MECHANICAL 

fSARC MIN 

t1 ARC MIN 

REDUCE LOSSES 

Rf DISTRIBUTION 

NONE 

2% TOTAL LOSS 

DETAILED SUBARRAY 
ANALYSIS 

PHASE CONTROL 

active RETRO- 
DIRECTIVE 

SAME 


RECTEfSNA SIZE 

10 s 14kni 

Ms 13 Ml 

HtOMgn RECTENNA UNIT 009T9 
YIELD SMALUR OPTIMUM SUES 

MAXIMUM SEAM POR«R 
DENSITY 

! 

ZSoMv/mS 

SAME 
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MICROWAVE POWER TRANSMISSION SYSTEM REFERENCE 10 dt TAPER 

The left-hand plol illustrate!i the ID step, 10 tlB t«iper for tliv reference syUem. Tlic rlfhl*hand plot fhow^ the aelaal power 
density delivered lo the ground by this taper pattern induding the first 4 siddobes. The reference taper it diown ui lolkl iinas and 
optK>r\aJ ways of providing the same amount of taper are shown as dotted lines As can H seen, diffcrcncei between the reference 
and the options are slight. The skldohe suppression provided by the reference system is 24 dB rrsullinf In a Aril fktelobe at Od 
M/Wern". The tdeaJ beam efficiency is tWith no errors in the production of the beam. 96.5^^ of the energy is in the main 

lobe with the rctn»$ndtT in the sideiobrs. i 
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NORMALIZED POWER DENSITY 




ANLMITTbH DISTHIBUTION FUNCTION^ 


A; TR 


.7 


‘ference 10 dB Taper 



(B) PA 
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MJCROWAVE POWER TRANSMISSION SYSTEM .7 DB POWER DENSITY TAPER 

It mj> be desirable to provide adJilK)i)dl sidebdie suppiession Hie pattern shusMi beik- provides an additional U) 
suppression resulting in a first sidv)f>be level <>l 01 MW Lin- 'flu* I 7 t)B powei taper is ()ii»mli/ed in 14 steps and 
antenna is required to aeeomniodate (he additional power taper without excessive tliermal power to be dissipated 
the array. 


\k 


dB o1 sidcloi>e 
a sli::lilly I irger 
at tile center of 



PWR. DENSITY (k«w/m 



ANTEMWA r^AOlUS 'r?i) GROUND DISTANCE, KILOMETERS 


( Aj antenna poyjer taper 


(B; far FIELD GROUND DISTRIBUTION 
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1HE MICROWAVE BEAM A SAFE POWER CARRIER 

The customary engineering manner oi plottim; the beam pattern in dcubels (ends to leave the impression that tfie siJclobe le-el is 
significant as compared to the main b» am lesel This plot shows the paflem on an appro' imalely linear scale, ffhe height of the 
side lobes has been exaggei cd to some degree that they can be seen at all.) Also indicated arc representative recervmg antenna 
sizes and pov^cr levels at different locations within the beam 
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The Microwave Beam: A Safe Power Carrier 


(A CRO'SS'SECTION THROUGH THC REAM) 





(mW/cm2 - 1/1000 WATT PER SQUARE CENTIMETER) 
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DESIGN CONSTRAINTS ILLUSTRATION 

A graphic example of the effect of design constraints is shown in this computer plot of transmitter system pcifonnance. The 
example shown is for the 1 7 dB taper option to better illustrate the effect of the thermal dissipation limit and the ionosphere heat- 
ing limit. The free design parameters accessible to the designer are power fed to the transmitter and transmitter diameter. It is evi- 
dent that the system minimum cost occurs at the intersection of the two constraint limit lines at a transmitter diameter slightly 
greater than 1 .0 km and a feed power of slightly over 6,000 mw. For the 10 dB taper reference case the tliermal dissipation limit 
is moved down and to the left so that the minimum cost system is at one km diameter and approximately 8.000 Mw of electric 
feed power. 
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REFERENCE PHaiOVOLTAIC SPS CONFIGURATION 

Shown here is an artist's illustration of the reference photovoltaic configuration. St consists of 1 .8 structunil hays. 6ft0 meters 
square, with each structural buy supporting u plunur photovoltaic array consisting of 50 micron solar cells integrated with a 75 
micron borosilicate glass front cover and 50 micron borosiliciitc glass buck cover. The satellite structure is a two-tier graphite 
epoxy tubular truss structure. 

Considerable discussion has ensued over the details of the sinicttiral configuration. One concept calls for assembly of the struc* 
tured beams, from parts entirely prefabricated on earth, by ah “assembler" beam inachiiic. Anotlicr concept calls for fabrication 
of the beams from specially prepared stock by a “thermal former" heam.*r.dchine. The choice of these options has no noticeable 
effect on overall construction operations. The prefabricate/atwmble option provides a more ideal structural section that a*duces 
SPS structure mass by about 1.000.000 kg 1^ 20% of structure masslas coinpamd to thermally formed beams made of closed- 
section members. Open-se('t:cii members do not provide adequate compressive stamgth for this si/e of structure. 
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Photovoltaic Reference Configuration 


srs-ioM 


256 BAYS 
660x660 m 


6300m 


21280 m 


1 

'f 


lii 

■ 


■ 


■ 


i 


■ 


■ 



■ 

■ 

■ 


■ 

i 


■ 

■ 

■ 

■ 





lili 

M 

1 

■ 

■ 


■ 


■ 


E 


■ 


■ 



■ 

■ 

■ 


■ 

1 


■ 

■ 

■ 

■ 





m 

■ 

'll 

■ 

■ 


■ 


■ 


■ 


■ 





■ 

■ 

■ 


■ 

E 


B 

■ 

■ 

■ 





■il:! 


ill 

■ 

■ 


i 


■ 


1 


■ 


S 



■ 

i 

i 


i 

f 



i 

■ 

■ 





■i 


111 

■ 

■ 


■ 


i 


E 


E 


■ 



i 

E 

E 


1 

1 



i 

■ 

■ 





■m 

II 

■ 

■ 

I 

■ 


E 


■ 


■ 


■ 



B 

■ 

■ 


B 

E 



■ 

E 

E 






H 


■ 

■ 

■ 

■ 


■ 


■ 


B 





■ 

■ 

■ 


■ 

■ 



■ 

■ 

■ 





■1 

ji 


■ 

■ 

■ 


■ 


■ 


E 


■ 



■ 

■ 

■ 


■ 

■ 



m 

■ 

■ 







660mTYP 


-1000 m 



24080 m 


TOTAL SOLAR CELL AREA: 97.34 Km^ 
TOTAL ARRAY AREA: 102.51 Km^ 

TOTAL SATELLITE AREA: 112.78 Km^ 
OUTPUT: 16.43 GW MINIMUM TOSLIPRINGS 
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PHOTOVOLTAIC SYSTFM HIGHLIGHTS 


Tahutated on the facing page are highligfiJs of Uie reference pfioJovofiait >.y4reiii coniigiirjtion 
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Photovoltaic System Highlights 


SOLAR CELL EFFICIENCY 
SOLAR CELL THICKNESS 
COVER THICKNESS 
SUBSTRATE THICKNESS 
BLANKET UNIT MASS 
CELL AREA 
BLANKET AREA 
OVERALL AREA 
SOLAR BLANKET COST 
STRUCTURE COST 
FLIGHT MODE 
POWER DISTRIBUTION 


17.3% <16.8% CELL WITH SAW TOOTH COVER) 

SO Mm 
75 Mm 
80 Mm 

0.427 kgAn2 
97.3 km2 
102.5 km2 
112.8 km2 
$36/m2 
$80/kg 

POP WITH ELECTRIC THRUST 
40 KV WITH 208 I80LATABLE POWER SECTORS; 
PA88IVELyCOOLEDOEOICATSD>ALUMINUM 
SHEET CONDUCTORS 


POWER MAINTENANCE 


PERIODIC ANNEALING 
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NOMINAL EFFICIENCY CHAIN 


The nonnal efficiency chanije for the photovoltaic system ami microwave power transmission system is compared here with the 
JSC "greenbooic” values at the initiation of the study. Reaswis for siffnificant differences are indicated. 
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sps-iaea 


Nominal Efficiency Chains 
Photovoltaic SPS 


ITEM 

JSC GREEN BOOK 

CURRENT 

NOMINAL 

REASON FOR DIFFERENCE | 

SUMMER SOLSTICE FACTOR 

NOT INCLUDED 

.9766 

1 THESE WERE INCLUDED IN 

COSINE LOSS (POP) 

NOT INCLUDED 

.919 

J ENERGY INTENSITY ON SPS 

SOLAR CELL EFFICIENCY 


.173 ' 



RADIATION DEGRADATION 


.97 



TEMPERATURE DEGRADATION 

ai03 

.964 

•0.161 

SLIGHTLY BETTER CELL; CR • 1 

COVER UV DEGRADATION 


.986 



CELL-TO«ELL MISMATCH 


.99 J 



PANEL LOST AREA 

NOT INCLUDED 

.961 . 


STRING |2r 

.92 

.998 

.982 

DISTRIBUTION OPTIMIZATION 

BUSIER 


.934 . 



ROTARY JOINT 

1.0 

1.0 


ANTENNA POWER DI8TR 

.98 

.97 

PROCESSING & TEMPERATURE 

OC-RF CONVERSION 

.87 

.86 

VAR IAN ESTIMATE 

WAVEGUIDE |2r 

.98 

.986 


IDEAL BEAM 


.986 1 




INTER-SUBARRAY ERRORS 

.88 


n 

' INTRA-SUBARRAY EFFECTS 

INTRA-SUBARRAY ERRORS 



■■ 

NOT INCLUDED IN GREEN 

ATMOSPHERE AB80RP. 

.98 


BOOK 

INTERCEPT EFFICIENCY 




RECTENNA RF-OC 

.90 


NUMERICAL INTEGRATION 

GRID INTERFACING 

.99 

.97 

INCLUDES DC-DC PROCESSORS 

PROOUCTS/8UMS 

.0608 

.0879 


SIZES (Km2) 


108.8 




















D)80-22876-7 


REFERENCE PHOTOVOLTAIC SYSTEM MASS STATEMENTS 


The current reference mass statement is compared here with the original JSC '‘greenbook” statement for the photovoltaic system. 
Reasons for significant changes are noted. 
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Silicon Photovoltaic Mass Properties Summary 

■ ■ ■■ ■■■ !■ ■ ■■« ■■ ■■■ ■ .11 ■ . ■ I II ■■ jkmtamt 


ITEM 

JSC "GREEN BOOK'^ 
MASS 

CURRENT MASS 

REASON FOR CHANGE 

MULTIPLE/OOMMON 




USE EQUIPMENT 

(3467*, 

(5834) 


PRIMARY STRUCTURE 

2S73 

6386 

• DESiGNLOAOf 

OTHER 

484 

249 


ENERGY COLLECTION 

(5736) 

(0) 

• CHANGE TO CR • 1 

ENERGY CONVERSION 

(2887/) 

(43750) 

• CHANGE TO CR - 1 

(SOLAR BLANKETS) 



• GLASS CELL COVERS 

PORTER DISTRIBUTION 

(3000) 

(2388) 


PORTER TRANSMISSION 

(15371) 

(26212) 


STRUCTURE 

1210 

500 

• SUBARRAY STRUCTURE IN 




SUBARRAYS 

PORTER OIJTR 

167 

5866 

• PROCESSORS ft THERMAL 




CONTROL 

MICRORTAVE 

8846 

13M0 

• THERMAL CONTROL 

GENERATORS 


1 


SUBARRAY 3TR B 

4002 

4314 


RTAVEGUIOES 




CONTROLS LEX 

368 

970 


OTHER 

788 

72 

• GREEN BOOK CARRIED 




ROTARY JOINT IN AfJTENTiA 




MASS 

SUBTOTAL 

56240 

76994 

• DETAILED UNCERTAINTY 

GRORTTH 

(S0%) (28120) 

(26.6%) (20606) 

ANALYSIS 

TOTAL 

84360 

97496 
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REFERENCE PHOIOVOLTAIC SPS MASS ESTIMATE HISTORY 

The mass estimate history for the photovoltaic SPS, througli the conduct of the system (iefinilton study. issl>own here. 'Hie point 
of departure estimates come from the JSC green book. Energy convcr*^ion system detailed mass estimates were available by the 
Part I mid'term. The principal reason for increase was the addition of borosilicate glass covers on the solar cells, increasing the unit 
mass of the solar blankets substantially. 

Some reduction of structure mass for the energy conversion system resulted in the vjhics shown for the Part I. final. During this 
time, an arbitrary 50 '^ mass growth allowance was carried. With initiation of Part II ol the study, effort was begun on Ihi power 
transmission system By the mid’term of Part II. detailed mass estimates were available. Tliese mass estimates resulted in a signifi* 
cant increase in the power transmission system primarily due to requirements determined tor thermal control systems. This 
time also, a mass properties review suggested that with the availability of comparatively detailed mass estimates and the general 
lack of escalating factors internal to the SPS design, a 257r mass growth allowance would be more appropriate During the final 
part of the Part II effort, a detailed uncertainty analyses was conducted and predicted a mass growth of 2b. This growth 
allowance wav incorporated in the final mass statement. 
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SPS-13M 


Reference Photovoltaic SPS 
Mass Estimate History 

— ■' '' — I I I 


METRIC 

TONS 


100.000 


75 ^ 


50.000 


28.000 



ENERGY CONVERSION 


CR-1 


MPTS 


INCLUDED 


POINT 

PART 1 

PARTI 

PART II 

PART II 

PART II 

OF 

MIDTERM 

FINAL 

START 

MIDTERM 

FINAL 

DEPARTURE 

MART? 

MAY 77 

JUNE 77 

AUG 77 

DEC 77 


DEC 76 

V? 
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THERMAL ENGfNL REFERENCE CONFIGURATION 

The artist's illustration shows the thermal en)!ine sontl^uralion ( I he illustralion sliows the module arranged in a 3 x 5 pattern, 
whereas the current configuration is a 4 x 4 pattern > I ach mothile consists ol a faceted plastic niin concentrator supported by 
a tubular truss graplute structure, a eavity ahsrirher with 3h Kaiikine turhogsMierators and pumps ptr ahsorK^r. and the necessary 
thermal radiators for waste heat rejection. 
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THERMAL ENGINE HIGHLIGHTS 

Tabulated here are the principal features of the thermal engine system design 
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TUneiNE INLET TEMPERATURE 
TURBINE EXHAUST TEMPERATURE 
TURBOGENERATOR SIZE (NOMINAL) 
TURBOGENERATORS PER SPS 
MODULES PER SPS 
RADIATOR PROJECTED AREA 
CYCLE EFFICIENCY 
REFLECTOR FACETS 
SATELLITE ORIENTATION 
REFLECTOR FACET THICKNESS 
TOTAL FACET AREA 
POWER DISTRIBUTION 


MAINTENANCE 


1242K (17760F) 

932K (12180F) 

31.4 MW 

576 (6 ARE “RESERVE") 


1.15 KM2/SPS 
0.189 
116,000 

PERPENDICULAR TO ECLIPTIC. ELECTRIC THRUST 
2.5 pM (ALUMINIZED KAPTON) 

119 KM* 

40 KV, PASSIVELY COOLED DEDICATED ALUMINUM 
SHEET CONDUCTORS, ANTENNA JOINTS INCORPORATE 
DIURNAL AXIS WITH SLIP RINGS AND ANNUAL AXIS WITH 
WINO-UNWIND CABLES. 

MALFUNCTION DETECTION SYSTEM FOR SHUTDOWN OF 
INDIVIDUAL TURBOGENERATORS AS REQUIRED. 
PERIODIC MAINTENANCE. 
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THERMAL ENGINE MASS PROPERTIES SUMMARY 

A mass statement for the thermal engine reference system is presented here. There was no Lorn parable “greenbook’’ reference at 
the beginning of the study. With growth included^ the two mass statements are essentially equivalent. Tlie growth allowances 
resulted from the detailed uncertainty analysis. Becau.e of the somewhat greater maturity of the thermal engine technology the 
predicted growth was slightly Jess 
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SPS Thermal Engine 
Mass Properties Summary 


RANKINE 
THERMAL ENGINE 




MULTIPLE/COMMON 
USE EQUIPMENT 

2662 

PRIMARY STRUCTURE 

774 

SATELLITE CONTROL 

1450 

COMM. & DATA 

4 

MECH SYS & OTHER 

200 

ANTENNA YOKE 

234 

ENERGY COLLECTION 

8091 

SUPPORT STRUCTURE 

6254 

REFLECTOR FACETS 

1837 

ENERGY CONVERSION 

40084 

CPC & LIGHT DOORS 

324 

CAVITY ABSORBER 

1000 

THERMAL ENGINES 

21933 

RADIATORS 

10769 

FLUIDS 

6058 

POWER DISTRIBUTION 

4978 

MICROWAVE POWER TRANSMISSION 

25212 

TOTAL 

81027 
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REFERENCE THERMAL ENGINE SPS MASS ESTIMATE HISTORY 

The therinal engine mass estimate luslory goes back to Boeing IR&D work conducted beginning in Tlie specific values 

shewn for !973 a.id 1975 came from papers published in the technical literature. These papers did nOt address the mass of micro- 
wave power transmission systems and early estiamtes available from the literature were quite optimistic as can be seen. 

The point of departure mass estimate represented the first complet* ly integrated thernal engine design with all interrelationships 
in this complex system properly represented. The power transmission system mess at that time was taken from Raytheon publica- 
tions. Brayton system cycle optimization brought the mass down siighily by the Part I mid-term, where also the JSC microwave 
power transmitter mass was adopted. By the Part I final, additional mass reductions resulted from the adoption of the 16 module 
configuration as compared to the 4 module configuration. 

The continuing reduction in energy conversion systems mass was due to t:rst. the switch to the Rankine system and secondly, elim- 
ination of the oversi/ed concentrator originally thought necessary to compensate for the degradation of plastic film reflectors. 

The power transmission system masses for the thenna! engine and pludovolluic systems are etiuivaleiU The uncertainty analyses 
predicted a 20*'/V mass growth for the thermal engine ^ysti- 'i, somewhat less than foi the pliulovoltaic system, asiniglit be expected 
due to the sonn what greater maturity of the techiMdogy 
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sn>1398 


Reference Thermal Engine SPS 
Mass Estimate History 
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PHOTOVOLTAIC v* THERMAL ENGINE ASSESSMENT 


Highlights of the overall assessment are summarized. 
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srs-isM 


Photovoltaic vs Thermal Engine Assessment 




• MO SIGNIFICANT DIFFERENCES IN SATELLITE MASSES OR COSTS 

- Photovoltaic « simplar but thermal angina taehnoiogy it mora matura 


a COMPLEXITY OF THERMAL ENGINE SPS INCREASES OPERATING COSTS 
— Larger eonttruelton eraw and facility 
- Lower packaging density 


a OVERALL 5% TO 10% SYSTEM COST ADVANTAGE FOR PHOTOVOLTAIC 
- But advantage is sansithra to solar biankat production coats 
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PHOTOVOLTAIC PREFERENCE IS SENSITIVE TO SOLAR BLANKET COST 

Bccftuve of the \ ncert^iinty and controversy rcitardmit vo-'ar blanket cost projections, the Knsitivity of the photovoltaic system to 
sol::r blanket cost is important Shown here are the study median projections for one SPS per year and four SPSs per year com- 
pared to the Department of Energy 1985 goal and Department of Energy post-1990 projections. Influence SPS total system 
cos! IS shown for each case. Also shown are ‘.he comparative thermal engine system costs which indicate at what point an increase 
in solar blanket cost would motivate a change to the thennat engine system Tilts t.hange occurs long before an unacceptable cost 
level IS reached 
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Photovoltaic Preference is Sensitive 
to Solar Blanket Costs 



PROJECTION 
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PHOTOVOLTAIC SPS CONSTRUCTION FACILITY ARRANGEMENT 

Illustrated here is the construction facility arran^te/nent that arose from the construction base definition effort. It is a combined 
power transmitter antenna and photovoltaic energy conversion constniction facility. The facility is comprised of a C-damp-shaped 
truss structure. The structure is shown boxed in for must of the facility to clarify the illustration but would actually appear as 
indicated by the **actual structure** callout. Overall facility dimensions are 1 .4 x 2.8 km. Crew modules and launch vehicle dock- 
ing stations are shown approximately to scale. Tlte crew modules are sized for 100 people (17 meters diameter by 23 meters 
length). The facility includes 4 bays dedicated to structure manufacture and 4 hays dedicated to solar blanket and equipment 
installation. Additional details of the various construction concepts, operations and timelines arc Uescrihed in more detail later in 
this briefing book. 
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CONSTRUCTION HIGHLIGHTS 


The most significant comparative construction factors fur the principal options are compared. 
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FOR 1 SPS 

• CREW WORK SCHEDULE 

• CREW STAYTIME 

• MAirj BASE SIZE 

• BASE MASS (METRIC 

TONS) 

AT LEO 
AT GEO 

• BASE COST (LEO 8i GEO) 

• HLLV LAUNCHES TO 

DELIVER 


Construction Highlights 





LEO 

GEO 

LEO 

GEO 


CONSTRUCTION 

CONSTRUCTION 

CONSTRUCTION 

CONSTRUCTION 

CREW SIZE 

540 

550 

815 

835 

AT LEO 

480 

70 

760 

105 

AT GEO 

60 

480 

55 

730 

TOTAL 

540 




CONSTRUCTION TIME 

1 YEAR 

1 YEAR 

1 YEAR 

1 YEAR 


PHOTOVOLTAIC 


THERMAL 


10 HOURS/DAY, 6 DAYS/WEEK. 2 SHIFTS 


90 DAYS 


2.8 X 1.8 X 1.0 km 


90 DAYS 

□ 


90 DAYS 


90 DAYS 


2.8 X 1.8 m 1.0 km 


5870 

770 


750 

6535 


9350 

850 


1150 

10040 


8.2 BILLION 


12.4 BILLION 


61 


93 


96 


144 
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CONSTRUCTION RESULTS 


Principal results of the construction analysis are summarized here. 
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• REQUIRED CONSTRUCTION RATE DETERMINES BASE SIZE AND QUANTITY 

— Bases analyzed were sized for 1 SPS per year 

• BASE AND EQUIPMENT COSTS ARE SIGNIFICANT 

— Effective Utili^^ation is Essential 

• LARGE PAYLOAD VOLUME AIDS CONSTRUCTION BASE TRANSPORTATION 

- Packaging density Is about 40% that for SPS Hardware 

• FACILITY DESIGN HAS EVOLVED TO ASSEMBLY LINE CONCEPT 

^ Maximizes crew and machine productivity; minimizes satellite design impact problems 

• CHEW ARE PRIMARILY MACHINE SUPERVISORS 

— Little or no spacesuit work 

e ONBOARD LOGISTICS IMPORTANT DESIGN FACTOR 
— Hardware throughput is 15 tons per hour 
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REFERENCE HEAVY LIFT CARGO LAUNCH VEHICLE 

lliis artist’s illustration sh3ws the reference heavy lift launch vehicle at the time of second stage separation. The booster is an 
oxygen /hydrocarbon system equipped for down-range powered soft landing at sea. Tfie upper stage employs oxygen/hydrogen 
propellants and includes a retractable telescoping payload shroud provide largc^oliime accommodation for the low-density SPS 
payload. The payload bay size is 1 7 meters diameter by 23 meters cylindrical length. The upper stage is also equipped for down- 
range sea landing. 
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LAUNCH SYSTEM OfTlONS 

Two pnmary launch system options were characterised, a ballistic two-stage heavy lift vehicle illustiatcd on a previous and 
a winged two^tage heavy lift vehicle The dft Terences in performance between these two options were viell wlthm the uncertainly 
of perfonnance estimation. 

The identified advantages of each are indicated on the chart. The winged vehicle indtcaled .somewhat higher development and unit 
cost The nnncipal issue between the two systems is sea landing versus IuihI landing. Tlie sea landing imnle requires restart of 
some of the rocket engines <ur start ot special land mg engines t for tlie powered letdown into the water and the hardware is 
exposed to the sea saltwater environment. There is also some uncertainty associated with landing loails to be experienced upon 
water contact. The winged land landing vehicle avoids these issues Because of the sonic hiKim profiles for ascent and reentry of 
the vehicles, and because the bfH>sler requires down range land landing, the winged system in^^ niuces signifieunt laundi and 
recovery siting issues No suitable di>M n range land landing sites arc avadablc for KS(‘ launch. Potentially attractive sites, with 
regions of agntficant sonic booir, overpressure being under government c:>nrrol. exist in the southwestern finited States fliesc- 
sites are further north than KSC' and introduce additional perfonnance penalties associated with tiie plane ciiange required to 
achieve a zero-inclination geosynchronous orbit. Other alternative sites have not been identified. 
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Launch System Options 



BALLISTIC VTOVL 

• LARGE PAY LOAD VOLUME 

READILY PROVIDED 

• SEA LANDING AVOIDS 

RECOVERY SITING ISSUES 

• 'SLIGHTLY LOWER COST PER 

FLIGHT 



• LAND LANDING AVOIDS 

SEA LANDING ft RECOVERY 
ISSUES 

• ENGINE START/RESTART NOT 

REQUIRED FOR LANDING 
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PAYLOAD DENSITY IS DESIGN DRIVER 

The payload densities achieved for the photovoltaic and thermal cnipne confiaurattont are compared here. Except for the power 
transmission system, the difference in photovoltaic and thermal engine systems would be far more striking. 

The ballistir. launch vehicle system has a theoretical payload density of 75 kg per cubic meter baaed on the available cylindrical 
volume within the payload shroud. However, actual payloads are more rectangular or irregular in shape and the payload density 
required for payload packages to reach a mass limited condition in this shroud is approximately 92 kg per cubic meter. As indK 
cated, the photovoltaic system slightly exceeded this value whereas the thermal engine system does not reach it. As discussed in 
more detail in the transportation section of the briefing, the least cost solution to the thermal engine volume problem was to use 
expendable shrouds cf considerably increased volumetric capability. 
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Payload Density is Design Driver 



(COMPLETED 

8UBARRAY8) 


THERMAL ENGINE 
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TRANSPORTATION SYSTEM HIGHLIGHTS 


Tabulated on the facing page are the principal features of the SPS transportation systems. 
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Transportation Highlights 

■■ 


• CARGO LAUNCH VEHICLE (REFERENCE) 

• 2 STAGE BALLISTIC FULLY REUSABLE 

• VERTICAL TAKEOFF, POWERED VERTICAL SEA LANDING 

• GROSS MASS 10,000 TONS WITH 390 TONS NET PAYLOAD 

• PAYLOAD VOLUME 17 x 23 M (13.3 m 3/TON; 76 kg/M3) 

• LO 2 /KEROSENE BOOSTER; LO 2 /LH 2 SECOND STAGE 

• ALTERNATE OPTION IS 2 STAQE WINGED VERTICAL TAKEOFF, 

UNPOWERED HORIZONTAL LAND LANDING 

• PERSONNEL LAUNCH VEHICLE-MODIFIED SHUTTLE, 76 PASSENGERS 

• PERSONNEL ORBIT TRANSFER VEHICLE 

• 2-STAGE FULLY REUSABLE LO 2 /LH 2 OTV 

• 76 TO ICO PASSENGERS DEPENDING ON CONSTRUCTION LOCATION 

AND SPS TYPE 

• CARGO ORBIT TRANSFER-ELECTRIC-PROPELLED SELF-TRANSPORT OP 

SPS MODULES; 180-DAY TRIP 

• OPTION IS FULLY REUSABLE LO 2 /LH 2 OTV FOR GEO CONSTRUCTION 
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HLLV ASCENT OVERPRESSURES 

'fhis figure shows the sonic boom overpressure generated by the Heavy Lift Launch Vehicle (HLLV ) during ascent as a function of 
ground location. This figure is applicable to cither the winged vehicle or to the ballistic vehicle, since the plumes and trajectories 
of these two vehicles are nearly the same, and It is the plume rather than vehicle size which controls the magnitude of the boom. 

The combination of vehicle trigcctory and acceleration results in the generation of a caustic or **focal zone” region in which the 
sonic boom overpressures are much larger than they would be for steady flight. Overpressures in this very localized region will be 
about 25 psf. The beginning of the “focal zone” is located 3 1 nmi downrange from the launch site. The overpressure decreases 
rapidly to 10 psf at a point 34 nmi downrange from the launch site. It has dropped to 2 psf 65 nmi downrange from the launch 
site. These overpressures are about three times as large as those generated by the Saturn V. 
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SENSITIVITY OF HLLV ASCENT SONIC BOOM OVERPRESSURES TO VEHICLE SIZE 

This figure shows the sensitivity of the sonic boom overpressures under the ascent fliglit track to the si/.c of the HLLV* HLLV size 
was varied by varying the number of engines and, thereby, the plume size. The overpressure in the ‘Tocai zone*' decreases from 
25 psf to 1 5 psf when the number of engines is reduced from 16 to tO and from 25 psf to S psf when the number of engines is 
reduced from 15 to 5. 
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Sensitivity of HLLV Ascent 
Sonic Boom Overpressures to Vehicle Size 


SPS-MSt 


UNDER 


FLIGHT 

TRACK 


-'-PSF 



DOWNRANOE-NMI 
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LEO/GEO DIFFERENCES 

One of the principal issues addressed by this study was relative evaluation ot construction in low earth orbit versus construction in 
the geosynchronous operational orbit. The summary table presented here provides an evaluation of the differences in terms of 
qualitative factors and projected cost differences associated with these factors. In tenns of recurring costs, by far the most signifi- 
cant difference is associated with the launch rate. A slight advantage to LFO construction is seen in construction requirements. 
This difference is associated primarily with difference in the transportation costs for the construction facilities and crews at LHO 
as compared to GEO. 

Principal design impacts on the SPS include oversizing of the solar arrays to compensate for radiation degradation and mismatch in 
solar cell performance associated witli this degradation. It is estimated that most of tlie degradation will be recovered by annealing. 
Solar cells degraded by the orbit transfer alter annealing would have about of the output ot those not degraded. Although 
only 257f of the solar cells are so degraded, the mismatch loss is additive to the degradation loss and results m a oversi/c 
requirement. In addition, there is a difference in structural mass due to the redundancy in structure required to modularize the 
satellite. Satellite modifications associated with power distribution to the electric thrusters are included in orbit transfer system 
costs. 

A total differential of SI6 million per SPS has been associated with operational complexities of the self-powered transfer opcTa- 
tion. Additional significant factors are the differences m interest during construction associated with longer overall construction 
time requited for LEO construction and differences in the cost grow th resulting from its application as a constant factor on overall 
costs. 
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LEO versus GEO Construction 
Summary of Differences 


RFP 

REP 



A} 

(INCLUDES CREWI 

• 

B) 

CONSTRUCTION 

REQUIREMENTS 

• 

• 

• 

C) 


• 

• 

D) 


• 

E) 


• 

F) 

STARTUP 

• 

• 

G) 

(DERATIONS 

CONSIDERATIONS 

• 

• 

H) 

COLLISION 

• 

• 

1) 

COST 

DIFFERENTIALS 

• 

• 

J) 

ORBIT TRANSFER 

• 




DELTA COST IN MISSIONS 

PERSPStQEQ.LEOl 

INITIAL NON- 


ECURRING 

4SPS/YR) 


HLLV LAUNCH RATE, 


1400/YR VS 3064/VR • 4 VR, 
380/VR VS 766/VR • 1/YR 


HLLV 

OTV 


2348 

206 


FACILITY DELTA COSTS 
STATI0NKEEPIN6 PROPELLANT 800 KO/DAY 
CREW SUPPORT 

OVER8IZINQ FOR RADIATION OEORAOATION 
DELTA STRUCTURAL MASS • 884 TONS LESS FOR GEO 

INCLUDED IN SPS DESIGN REQUIREMENTS lOVERSIZING 
COMPENSATES FOR OUTPUT AND MISMATCH LOSS) 

HIGHER LAUNCH RATE FOR GEO 


ORBIT TRANSFER HARDWARE IN OT8 COST 
DELTA INTEREST DURING CONSTRUCTION 

NO DIFFERENCE IN NUMBERS OF VEHICLES IN FLIGHT. 
MORE COMPLEX MONITORING FOR OT8. 

BERTHING EQUIPMENT INCLUDED IN GEO FACILITY 
FOR LEO CONSTRUCTION 

COLLISION AVOIDANCE PROPELLANT 
OBJECT MONITORING COST 

OTHER FACTORS ITEMIZED IN THIS TABLE 
DELTA GROWTH (FACTOR ON DELTA C08TI 

HARDWARE/SOFTWARE COSTS REFLECTED AS OT8 COSTS 

TOTAL COST DIFFERENTIALS 


1 


RFCURRIWQ 

•1,431 (OTL 
2323 (FIJI 
INVr 

530 



NT) 


1,716 LAUN CH 
FACILITY COSTS 


•303 

•10 


•1 

•5 


156 


1395 2312 
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SPSCOST FACTORS 

Although the SPS^s are big, they are relatively simple designs employing highly repetitive elements. Tlic combination of size and 
simplicity achieved in an SPS is probably only attainable in a space system. It allows the economies of scale to be combined with 
the economies of mass production to minimize the hardware costs. An additional factor in minimizing the hardware cost is that 
the design loads and other design conditions in space are of minimal effect on the system. Consequently, these systems are com- 
prised predominantly of directly useful elements. i.e., solar blankets, with the investment in support systems such as structure and 
. controls being a very small part of the total cost. A further attractive feature of the space location is that the very small differen- 
tial gravity loads allow easy movement of SPS s under construction with respect to the construction facility, allowing an assembly 
line approach to construction. 
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• SPSS ARE BIG BUT SIMPLE DESIGNS EMPLOYING REPETITIVE ELEMENTS 
— Economics of scale combine with ecr:K>mics of man production 
o DESIGN LOADS IN SPACE ARE MINIMAL 

— Overhead costs associated with support systems are a small part of tfia toMi 
— Assembly operations use production line approach 
o SUNLIGHT MORE THAN 99% OF THE TIME 

— Solar collectors "work hard" for maximum cost effectiveness 
— Little or no storage required 

e TRAFFIC LEVELS ALLOW REALIZATION OF LOW-COST POTENTIALS 
FOR SPACE TRANSPORTATION 

— Fully reusable vehicles economically justified 

— Frequent fli^its allow cost-effective operatio n s 
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PROGRAM ASSUMPTIONS FOR COST ANALYSES 

In order to develop cost data for the SPS systi.m&, several program usumptions were necessary. These assumptions correspond to 
a direct development of the SPS systems studied *inder this contract. They do not represent recommendations as to a most desir* 
able or most practicable SPS program. The last ^..>5iimption relates to the fact that most of the mass growth seen in these' systems 
(as a result of the uncertainty analyses) came from the efficiency chain, with the reference design efficiency being somewl:at more 
optimistic than the median value resulting from the assignment of uncertainty ranges to the efficiency chain. (Under the bi ^ariatc 
normal distribution assumption used in the uncertainty analyses, the most probable value for any item is the mean of the 
extremes. This is believed to be realistic model for this kind of uncertainty analysis . ) It is expected that the losses in efficien ry 
in the early systems will be recoverable through a normal process of product impro\emvnt. Therefore, the growth allowances 
applied to the l-SPS>per>year case were reduced for the 4-SPS-per-year case. 
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Program Assumptions for Cost Analyses 




• AFTER A TECHNOLOGY VERIFICATION PROGRAM, INVOLVING GROUND AND FLIGHT 
PROGRAMS BUT NO NEW SPACE VEHICLES, DEVELOPMENT OP THE 10,000 MEGAWATT EPS, 
AND IT'S ASSOCIATED SYSTEMS. BEGINS. 


• THE PRODUCTION CAPACITY INITIALLY DEVELOPED IS SIZED FOR A PRODUCTION RATE OF 
ONE 8PS PER YEAR, BUT DOES NOT INITIALLY ACHIEVE THAT RATE. 


• THE EARLY SPS’S INCUR THE MASS GROWTH PREDICTED BY THE UNCERTAINTY ANALYBiB. 


• BY THE TIME A PRODUCTION RATE OF FOUR PER YEAR HAB BEEN REACHED, MA8B 
GROWTH HAS BEEN REDUCED BY PRODUCT IMPROVEMENT. 
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COST ANALYSIS METHODOLOGY 

1'he overatt cost analysis mctIuKlulugy is iliagrammcd on the lacmi; page, ft hcy’ms with mass estimates ,iiuf system ilcscriptions tor 
the rvtercncc systems. The system ilcscriptions allow selection of cost estimating relat.onships. Ihesc aa* nseil to exercisi- the 
Boeing parametric cost model to generate an aerospace cost estimate for l)l)T/kl and lirsl unit cost. The aerospace first unit costs 
are then run through a mature nutuMry analysis that applies production rate las tors accoolini: to the production rale rei|uired lor 
each system element. I he totaled mature nulusiry estimates are then adjusted ior interest itunni! construction and lor cost growth 
corresponding to mass growth as predicted hy the uiueitainty ainlyses. Thesi* provide Ilk final proiluclnm unit costs for I SPS 
per year and 4 SPS\ per year. 
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Cost Analysis Methodology 


, MASS ESTIMATE , 


BOEING 
PARAMETRIC 
COST MODEL 


MATURE ^ 
INDUSTRY 
ADJUSTMENTS 
(PRODUCTION 
RATE FACTORS). 


SYSTEM 

DESCRIPTION 


SELECT 
CER'S . 


’Interest 

DURING 

^CONSTRUCTION^ 


GROWTH 


^UNCERTAINTY 
.ANALYSIS 
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MATURE INDUSTRY METHODOLOGY CONFIRMATION 

Ihc mature mdustr> costing approach was iicvclopc(i hy Dr. Jik* <iuui(cr hav:d on intormation developed durin*^ I H&D analyses of 
design *tu<cost, experienced costs for commercial aircraft and other systems, and statistical correlaticns for fmaiicjal and produc* 
lion factors for a wide variety of commercial industries It was judged to he desirable to spot-check tlie mature industry predic- 
tions. A total ol five spot checks were made as indicated on the facing page, 'tlicsc included solar blankets, graphite structures, 
klystrons, potassium vapor turbines, and electromagnetic li(|uid potassium feed pumps In ail «.ases. the mature industry projection 
was well within the uncerlamtics that would l>e expecled lor the ki.ui ol cost estimates being made. Basc^J on these examples, we 
believe the mature industry methodology to be an appropriate cost estimating puKcdurc lor SPS systems. 
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Mature Industry Methodology Conflrmation 


MATURE INDUSTRY INDUSTRY 

PROJECTION ESTIMATES 


SOLAR BLANKETS $22te$37/m2 $2Sto$60/m2 

(RCA.TI.QE.MOTOROLA) 

GRAPHITE EPOXY STRUCTURE $60/kg $SO/kg (BOEING) 


KLYSTRONS 

TURBINES 


S3000/TUBE 

$40to$50/kg 


$1750 to $2700mJBE 
(VARIAN) 

$S2/kg (GE) 


PUMPS 


$7Sto$160/kg 


SeS/kg (GE) 
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RECTENNA SIZE OPTIMIZATION 

Illustrated here is an example of system design flexibility adjustment to reduce system cost sensitivity to a particular cost problem. 
Until late in the study effort it was assumed that the receiving at tennas would be full main*beam diameter. (This is the optimum 
if receiving antennas are tow in cost.) However, receiving antenna cost estimates were surprisingly high, resulting in a significant 
cost problem. The nature of the transmitted beam is that very little of the total power is in the outer regions of the main beam. 
Consequently, a cost optimization of rectenna size reduced its area by approximately half, reduced the received power by about 
S% and reduced the cost per kw by 20 percent. (Cost values shown here do not include interest during construction or growth.) 
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Rectenna Size Optimization 





RECTENNA DIA/BEAM OIA 


(Nuie; Beam diameter is tlie entire main lobe to the flnl null.) 
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PRODUCTION COST RESULT SUMMARY 

Total production costs arc summarized in these bar charts for eight comhinations of energy conversion system, production rate, 
and construction location. The silicon photovoltaic system has a modest cost advantage over the themial engine and low Earth 
orbit construction has a significant cost advantage over geosynchronous construction. The most important cost change occurs with 
the production rate increase from I SPS per year early in the program, to 4 SPS's per year in a more mature operation. Principal 
cost reductions with system maturity occur in SPS hardware production, space transportation, and projecte«l product improve- 
ment. The lowest capital cost is achieved witli the silicon photovoltaic system at 4 SPS's per year with LEO cotisilruction. The fig- 
ure is approximately $1 ,700 per kilowatt electric including interest during construction ami projected growth. Still lower figures 
might be projected for advanced systems, such as thin film gallium arsenide. 

Achievement of the projected silicon photovoltaic costs is critically dependent on the development of a satisfactory mass produc- 
tion technology for single crystal silicon solar cells and blankets. This mass production teclinology may requia* continuous growth 
processes but recent indications of improvements in the technology presently used for sol.ir cell manufacture, indicate that auto- 
mation of this technology may provide greater cost reduction than commonly supposed. 
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LEO TRANSPORTATION COSTS FOR FOURTEEN YEAR PROGRAM 

One of the principul issues of ovcrull SPS costs is the cost of space tra^' ^ortation. Hie projections made during this study have 
indicated a low earth transportation cost on the order of $20 per ki’ «*am, including amortization of the vehicle licet investment, 
total operatu>ns manpower, and propellant costs. The distribution of this cost over the assunted 14 year program is shown on this 
chart. Vehicle production hardware is the greatest factor: manpower is second in importance, and propellants are third. Tlio pro- 
pellant cost is about U of the total, typical of a mature transportation system. 
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SPS-13S3 


$ 16 BILUON 


4100 PEOPLEMH. 
IN ACTIVE FLEET 


LEO Transportation Costs for 14 Year Program 

at 4 Satellites/Year 




OTHER 

GROUND OPS 

2 . 8 % 




INDIRECT M/P 
s^9.y*/o 





% 


DIRECT M/P 
8 . 6 % 


PRODUCTION 
AND SPARES 
40.8% 



TOTAL COST/PLIGHT » S7.934M 
COSTAB OF PAYLOAD “$9.20 
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313 U» STAGE AIRFRAMES 
8160 1st STAGE ENGINES 

313 2nd STAGE AIRFRAMES 
7238 2nd STAGE ENGINES 

TOTAL COST - 
$142.5 BILLION 

(36 VEHICLES IN ACTIVE 
FLEET AT ALL TIMES) 


UNITED AIRLINES HAS 
125 PEOPLE/AIRPLANE 
WITH 22 PFOPLE/AIRPLANE 
FOR MAINTENANCE 


660 PEOPLE/VEH. 
IN ACTIVE FLEET 
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COST PER FLIGHT WORK BREAKDOWN STRUCTURE 

Cost per flight analyses used the work breakdown structure tabulated here. This structure is patterned after the shuttle user 
charge cost analyses but includes two principal differences' (I ) Because the large traffic model will wear out many vehicles, the 
production of vehicles and their spares is amortized in the cost per flight. (2) Production rates required will demand several ship- 
sets of tooling. The tooling required to achieve the required rates is also amortized against cost per flight. 
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FLICMT VEHICLE PRODUCTION HARDWARE COSTS 

Sinic vehicle production is the most important component oi space transportation costs, it is important to compare the estimates 
to olner similar systems Shown here are costs m tenns o( dollars per pound for several aerc'spacc vehicles including commercial 
aircraft and launch vehicles, as well as the calculated costs for the second stage ami first sta^e of Che winged launch vehicle systems. 
All costs he.e are expressed as the average costs over S'\0 units with (corning curves applied as appropriate. The commercial lir- 
craft arc similar in complexity to the launch vehich*s, but a signtlicaiKly smaller naction ol the overall invesiment is in propulsion. 
The S-IC Saturn booster stage is comparable in coniplexpy to the first stage of tlie wnig-wing vehicle. Shuttle costs aa* seen to l>e 
somewhat higher than would be expi.cted from the cost tstimales here. However, there arc sevcial icasuns (or that as expressed on 
the following page. 
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DIFFERENCES BETWEEN SHUTTLE ORBITER AND SPS LAUNCH VEHICLE SECOND STAGE 


' oM driver differences between the !ihuttle orbiler :ind the SPS vehicles arc uimmarucd here. Tlicse dittcrences are sufficient to 
ationaliafc the difference in nnit cost expressed on tlie previous puge. However, even if sliuttle unit costs were Mted. the cost of 
^a/ioad transportation would be increased very liitte. 
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Differences Between Shuttle Orbiter 
and Wing/Wing 2nd Stage 


Srs-MM 


• WINQ/WINQ HAS LESS STRUCTURAL COf PLEXITV (INCLUDES PROPELLANT TANKS) 

• HIGH S/MASS COMPONENTS (ENGINES Si AVIONICS) LESSER % OF HVtNGAIVINQ EMPTY MASS 

• PRODUCTION RATHER THAN PROTOTYPE TOOLING Si RATES 

• IF WE USED SHUTTLE ORBITER S/LB FOR WING/WING 2ND STAGE IT WOULD INCREASE 
PAYLOAD TRANSPORTATION COST LESS THAN S2/LB 
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MAJOR MANPOWER COST DATA AND COMPARISONS 

Manpower cost estimates lor conducting the SPS transportation operations were made on a detailed task/timeline/hcudcount basis 
including all indirect and direct tasks. The estimates are summarized on this chart. Tlicy were derived from analogies and exten- 
sions of the cost estimating base used to derive space shuttle user charges. In this illustration they are compared with the man- 
power requirements and fleet siz.es for major domestic airlines. The level of overall operations is seen not to he beyond the expe- 
rience of commercial aerospace vehicle operators today and the fleet size active at any one time is very small by comparison to 
commercial airline operations. The vehicles, of course . are larger, but even if the lefl-liand bar is scaled according to vehicle size, 
the comparison of manpower and fleet size between the SPS operations and commercial airlines indicates the manpower alloca- 
tions for SPS transportation to be quite generous. 
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PROPELLANT COST BASIS 

Propellant costs arc energy costs und. therefore. :irc of considerable signilkanc tn SP^ transportation costs. At the left of this 
chart arc shown the propellant mass and cost distrihotions for the SPS vehicle** On the right hand side, (he SPS propellant cost 
estimates used arc compared with more recent daui arrived Ironi Boeing and 1S(' studies of large-scale piopelluiU cost production. 
Significantly, the propellant cost estimates used were higher than the more recent esfnnales. except in the case of RP-I, where the 
cc^t was cornnensuraU with production of KP-J from ot!. In the timeframe considered, it may Ik necessary to use synthetic 
hydrocarbons p.oduced f»^om coal This might increase the KP-I cos! ignificantly. but the RP*I cost contribution to overall pro- 
pellants was relatively small and Ibis low e*^' natc is more than compensated by the higher estimates lor the other two propellants. 
Further, if synthetic propellants are employed, a synthetic hydrocarbon such as melhnne or propane can be produced at tower cost 
than a synthetic heavy hydrocarbon, such as RP-I. 
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COST PER FLIGHT PARAMETRICS 

The per flight for the heavy lift launch vehicle is dependent upon annual launch rate, being lower at high launch rates. Actual 
cost for ihe SPS systems de^*nbed in this briefing used the parametric cost per flight data shown on this chart. Values ranged 
from about 1 3 million dollars per flight for the one SPS per year case with LEO construction to about IVi million dollars per flight 
for the four SPS per year case with GEO construction. 
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HLLV Launch Costs 


D180-22^6>7 


UNCERTAINTY ANALYSES METHODOLOGY 

An important objective of the SPS systems study was to make the best possible estimates of uncertainty in size, mass and costs, for 
the SPS systems charade ri/eJ. llie methodology employed was newly developed for the study and included the principal steps 
iiidicated on the chart. The basis for the uncertainty analyses was itemized estimates in the uncertainties of component perform- 
ance, masses. ;md cost. A typical example would be the uncerlainty in solar cell efficiency and degradation. This is an example of 
the case where correlation exists between the two factors; i.e., more efficient cells tend to experience somewhat greater degrada- 
tion because the greater efficiency tends to be associated with greater thickness and experimental data indicate thicker cells 
degrade more. In developing the statistics in size, muss and cost, these kinds of correlations were taken into account through use 
of a bivariaie normal distribution probability model. 

Also providing input data to the uncerlainty analyses was a conventional mass property analyses for the systems with estimated 
uncertainties in such factors as structural crippling criteria, solar cell thickness, and turbomachinery unit masses. Additional 
uncertainties were develct^ed in system costs, such as uncertainty in solar cell cost per unit area and uncertainties in machinery 
costs. These uncertainties were coupled with the cost analyses discussed later to prepare the cost statistics. Size statistics and mass 
statistics were combined to develop a joint mass/size uncertainty estimate and mass statistics anu cost statistics were combined to 
generate combined cost/mass uncertainties. The bivariate normal distribution model was used to statistically combine the uncer- 
tainties, with recognition of correlutic is between component uncertaint es where significant cniielations were detenu ined to exist. 
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Uncertainty Analysis Methodology 
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COMPARISON OF EFFICIENCY CHAINS 

Tlic reference system efficiency \.liains arc Lompared on the facing: paye. Hie power transmission system efficiency chain is the 
same for each cnertty conversion concept and is not repealed As indicated, liie projected overall efficiency of the silicon system 
very slightly Ingher than that of the Kankme thenna) engine system. 
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ITEM 

NOMINAL 

MINIMUM 

MAXIMUM 

SUMME R SOLSTICE FACTOR 

.967S 

MTS 

.9076 

COSINE LOSS (POP) 

.919 

.919 

.010 

SOLAR CELL EFFICIENCY 

.173 

.148 

.18 

RADIATION OEGRADADON 

.97 

M 

1.0 

TEMPERATURE OEQRAO 

.964 

.964 

.964 

COVER UV DEGRADATION 

.969 

MS 

1.0 

CELL-TO-CEIL MISMATCH 

.99 

.99 

.90 

PANEL LOST AREA 

.961 

.991 

.991 

STRING |2r 

.999 

MS 

.090 

BUSIER 

S34 

.91 

Ml 

ROTARY JOINT 

1.0 

1.0 

1.0 

ANTENNA POIVER DISTR 

.97 

.96 

.08 

DCRP CONVERSION 

.86 

.80 

.89 

uAVEGUlOE |2 r 

.986 

M6 

M6 

IDEAL BEAM 

.966 

.996 

M 

intersubarraV errors 

.966 

88 

.97 

INTRA SUBARRAY ERRORS 

Ml 

.97 

.99 

ATMOSPHERE ABSORP. 

M 

M 

M 

INTERCEPT EFFICIENCY 

M 

M 

.98 

RECTENNA RF-OC 

MS 

.79 

.92 

GRID INTERf ACING 

sn 

.99 

.98 

PRODUCTS 

.0679 

.038: 

.096 

SIZES (KM2) 

loaa 
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ITEM 

NOMINAL 

MINIMUM 

MAXIMUM 

CONCENTRATOR 

M7 

M 

M 

REFLECT OEGR 

1.0 

.70 


CPC 

M6 

.80 

MB 

CAVITY OPTICAL 

MO 

M 

M 

CAVITY RERAOIATION 

M7 

.017 

M4 

CAVITY THERMAL 

MS 

.990 

M7 

CYCLE 

.189 

.189 

MO 

GENERATOR 

M4 

.994 

MS 

PARASITIC 

M2 

M4 

M 

POWER OI9TR 

MS 

.93 

M 

MPT8 (FROM ?N\ 

J693 

p412 

M3 

PRODUCTS 

SIZES 

.0628. 
118 KM2 

.027 

274 KMZ 

M6 ^ 

77.8 KM« 
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PHOTOVOLTAIC SPS RELATIVE UNCERTAINTY CONTRIBUTIONS 

L’nc Ttainty analyses (to he described mo.e fully later) resulted in llie relative uncertainty contributi « illustrated here. Also 
^hown arc the statistical 'om bin at ions of all energy conversion effects and all power transmission effecib. The energy conversion 
effect IS slightly less than th power transmission effect because a significant correlation between solar cell efficiency and radiation 
degradation reduces the combined effect c'f i!:cse two parameters consideraoly below what a simple root sum square would indi- 
cate. The uncertainty in power transmission link efficiency is a principal driver on overall system masj and cost uncertainty 
because it influences more of the system than does solar blanket performance. 





D180-22876-7 



SOLAR CELL EFFICIENCY 
RADIATION DEGRADATION 
COVER UV DEGRADATION 
STRING |2r 
BUS|2r 

ANTENNA POWER DISTR 
DC-RF CONVERSION 
IDEAL BEAM EFF*Y 
INTER'SUBARRAY ERRORS 

INTRA-SUBARRAY ERRORS 

INTERCEPT EFF'Y 
RECTENNA RF-OC 

GRID INTERFACE 


Photovoltaic SPS Efficiency : 
Relative Uncertainty Contributions 




97 


ORIGINAL PAGE 1& 
OF POOR QUALITY 


D180*22876*7 


PHOTOVOLTAIC SYSTEM MASS/SIZE UNCERTAINTY ANALYSIS RESULTS 

This chart comparts the stalistically-ilerived result with the worst*on*woret and beitH>n*hesl results detlMeil by comhinini ull Hit 
most optimistic component uncertainties and all the most pessimistic component pcrroriiiiincei. It is demonstrably true that at 
Increased detail is developed in this kind of analysis, the worst-on*worst and l>esl-on*best extremes will continue to become further 
apart, while the statistical uncertainties will tend to change little and will approach a repn.*seiitation of true uncertainties. Sifnrfi* 
cantly, the reference point design was outside the projected 3 sigma range for mass and si/e. This resulted primarily because the 
efficiency chain assigned to the a'ferimce design was /non* nptimisitc than the most prohahle efficiency chain defitietl by the statis- 
tical analyses. An example is as follows: In dc/HF conversion, ilic nominal efficiency assigned to the reference design was HS'A 
with extremes of 809^ and HP%. It is a consequence of the bivariate normal distribution mmlel that the most probable value must 
be the median between the extremes. This resulted in the most probable si/e being significantly greater than the reference design 
size. 

The reference design point is slightly below the nominal line because the nominal line is associated with 10.000 MW outpul, 
whereas the reference design, with the final efficiency chain assessment, provided ‘^300 MW output. Die pr<yeclcd mass growth is 
the difference between the most prohahle point and the reference point and is equivaleni to this growth is very closi* to 

the 259; projeclcil by hisloricul correlations of comparable systems. 
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Photovoltaic SPS 
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THERMAL ENGINE MASS SIZE UNCERTAINTY ANALYSES RESULTS 

Presented here is an uncertainty estimate for the thermal engine comparable to the previous one Tor the photovoltaic system. 
Because the technology of the thermal engine system is somewhat more mature, it would he expected to estimate somewhat 
less mass growth and that turned out to be the case. An additional factor in the reduced muss growth proiection is that u 
significant part of the size escalation is associated with the size of the concentrutur which is a low-mass component of the 
thermal engine system. 
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Rankine Thernial Engine Size/Mass Uncertainty 

Analysis Results 
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MASS/COST UNCERTAINTY ANALYSES RESULTS 

With costs included in the uncertainty analyses, it is necessary to discriminate between the 1 SPS per year case and the 4 SPS per 
year case. As discussed under cost analyses, for the 4 SPS per year case*, an estimate was made Chat about 609? of Che predicted 
mass growth could be removed by product improvement. Similarly to the sue and mass estimates, the reference design trended 
towards the optimistic side of the median of the cost uncertainties. Consequently, one sees first a cost escalation at the reference 
design point and then a further cost growth associated with the mass growth projection. Note the very high correlation between 
cost and mass uncertainties. This corresponds to tlic historical indications that cost growth is frequently associated with mass 
growth, and especially with the compensation for tor removal of I mass growth in a system when performance requirements dictate 
Chat ma'^s growth be limited to predetermined values. 
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TOTAL COSTS THROUGH NO. 1 SPS PHOTOVOLTAIC SYSTEM 

The actual hardware development costs for SPS hardware represent a small portion of the overall nonrecurring cost required to 
initiate the program. This is because the SPS hardware is highly repetitive: individual elements arc not extrcnicty large and the 
development of the basic hardware can be primarily carried out on the ground. The total nonrecurring cost includes a technology 
verification effort including ground-based and flight-based test activities, the development of SPS energy conversion and power 
transmission/reception hardware^ and a significant investment in development of <;pace operations capahilit/ including space trans- 
portation and space construction systems. 

The largest slice of the total nonrecurring costs is for installation of a production capability siifHcient for production of I SPS per 
year, i.e., 10,000 MW a year, and for the production of the first SPS. Tlic production cost estimate for the first SPS does not 
include the production capability amortization factors included in SPS costs on prior charts It docs include a 50^/ prototype 
factor penalty cost. The overall total is slightly more than S80 billion in \^)11 dollars. A similar estimate for the thermal engine 
SPS was about SS billion greater, primarily due to the uddi^onai cost of the more complex construction huso system. 
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PREDICTED BUSBhR POWER COSTS AND UNCERTAINTIES 

The bottom line for an SPS system is its cupability to produce power at an acceptable cost. The result slmwn on this chart repre- 
sents the final result of the costini* and uncertainty analyses. Uncertainties for busbar power costs include the uncertainties in unit 
costs as well as uncertainties in the appropriate capital charge factor to he applied and the plant factor at which the SPS cun oper- 
ate. Capital charge factors from 12-18 percent were considered and the plant factor uncertainty was taken as 70'/-909^ at one SPS 
per year and 85'/-95% (or four SPS's per year. Tliese uncertainties were statistically comhined with the cost uncertainties derived 
by the cost uncertainty analyses. 
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Predicted Busbar Power Cost & Uncertainties 
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PROJECTIONS INDICATE SPS COST COMPETITIVENESS BY THE YEAR 2000 

A study of energy and power cost conducted on IRAD indicated an approximate projection of increase in electrical power costs 
illustrated in the left hand band on this chart. Results from this study are plotted in the right hand band. As indicated these two 
projections cross over in the general vicinity of the year 2000. This indicates that even with a relatively vigorous program to 
develop the solar power satellite, by the time production installations could begin the system would be cost competitive with 
alternative energy sources. 
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MPTS ROAD MAP 

The study road map indicates the approach taken in establishing a baseline design for the spacebome element of the MPTf-. High- 
lights of this approach include a klystron transmitter selection study, an end-to<nd system efficiency evaluation, spaoetcn<ia pat- 
tern analysis and structural integration. These combine to produce inputs and constraints to the overall SPS cost model which 
makes possible the SPS system evaluation. Follow-on topics are deflned which will result in the next level of refinement of an 
improved SPS. 

The klystron trade study encompasses klystron design, thermal analysis, manufacturing and reliability assessmenta. power distribu- 
tion and X-ray assessment. Spacetenna integration is influenced by structural concepts, design validation, mast attetament, and 
finally end-to-end efficiency calculations which require a reference spacetenna design whose radiation pattern and impedance char- 
acteristics are known. Alternate candidates for the spacetenna radiating element have also been assessed \ > assist in a final antenna 
design selection. 
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MPTS Study Roadmap 
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SPACETENNA SIZE AND POWER DENSITY 

Coikction efficiency and radiated power were calculated for a fixed rectenna size and power oul|4it. Tlie spacetenna aperture dis- 
tributions used in the study were: 

o Uniform 

o lOdb Gaussian 

o 20 db Gaussian 

o Inflected Bessel 

The inflected Bessel produced a system with the higliest efficiency and lowest power rc(|uired at the spacctenna. However, it 
required a spacetenna with a radius in excess of 000 meters. The 10 db Gaussian was selected as the best compromise for further 
analysis. 
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Spacetenna Size and Power Density 

Required For Fixed Rectenna Size and Power O^utput 

- - " i i ■ ■ « n il 


• RECTENNA RADIUS TO FIRST NULL - 6.4K METERS 

• DELIVERED GROUND POWER -BOW 

• ASSUMED RECTENNA EFFICIENCY -88% 
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SIDELOBE DISTRIBUTIONS FOR FIXED RECTENNA CONSTRAINTS 

Ihis stu(!v v».is to -x.innnc spatehoriv- tr-insitiittcr .ip^rturc power tapers jlKrnate to the )0 db (luus^ian used as base* 

line flic d of n but ions iincslujaiccl were 

o Umtomi 
o i(i db ^fuussian 

o 20 db Tiaussian 

o liifleUed Bessel 

fhe rcsiilfinK secondary antenna patlerns were LOinpared lor iKMinwidlli and sidelobe level Because of power c|Uanti/alion tech- 
niques presently in use liie 0 5 db ^mussi m taper w«is .^ttled on a . tlic new baseline givinjf an overall eflKiency of 06.6 percent 
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APERTURE FIELD DISTRIBUTION AND SPACETENNA PATTERN 

Tr.is figure depicts the aperture power distribution produced by both the 10 db Gaussian taper and the inflected Bessel taper. The 
next figure graphs the secondary radiation patterns produced by these aperture distributions. Tlie inflected Bessel distribution can 
be written as 


l(p i = i ^4 Jo (3.84 p t 

This expression is tlie sum ot two distributions j unjJonn distribution ftp) = I ami a Ik'sscl distribution f(pl = io(U|pt. llie 
value of the constant U| controls the sidelobc level and edge illumination This constant is adjusted to optimize the distributioi . 
The usefulness of this type of distribution will be further investigated including the ellecl on redifitation efliciency. 
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Spacetenna Pattern 
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ARRAY PATTERN ROLL-OFF CHARACTERISTICS 

A numerical integration technique was used to obtain llie radiation pattern of the 10 db Gaussian tapered distribution. It was 
established that the sidclubes rolled off at a 30 db/decade of angle rate. The chart shows the first five sidelobes and the average 
power line 3 db below the peaks. Tlie error plateaus were computed from the assumed error magnitudes and tl)c number of sub- 
arrays associated with three different subarray si/es. The aperture efficiency was also obtained by nuiberical integration. Tlic sub- 
array roll-off characteristics were obtained by numerically integrating the square aperture distribution for each of U) different cuts 
over a 45 degree sector of 0. These cuts were then averageil at each 9 to give the pattern sliown. The resultant subarray sidelobes 
also roll off at a 30 db/decade of angle. 
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SPS-1641 


Array Pattern Roll-Off Characteristics 
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TOTAL RADIATED POWER VS ANGLE 

I'o oh fain a clearer view ofhow flic fofai ener>fy is Jisfrilniletf I he averaije paMern level as a t unction ol angle can be integrated 
graphically B> weighting a sin 0 temi willi an add it ion .1 imiltipher pioporlir)nal to 0. il is possible to take ou: the area bias pro- 
duced by the logarithmic plot Repealing this in temisol powei rathei tliaii ilh. as shown in fiie lacing chart, gives a curve, the 
area under which represents the radiated power 
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SPSIM* 


Total Radiated Power vs. Angle 





.001 


.01 


0.1 


10 


100 


ANGLE DEGREES 


127 




D 1 80-22876-7 


COMPARISON OF 10 DB GAUSSIAN DISTRIBUTION FUNCTIONS 
AND THEIR FAR FIELD POWER DISTRIBUTIONS 


Power quantization from subarruy to suburray is used to approxiniat'* the desired eontinuous lU db Gaussian aperture distribution. 
In order to cheek the pattern sensitivity to quantization .tep si/e. (|uanti/ation values were varied as shown on the figure. Tlie 
secondary radiation patterns were calculated and examined for cumiiarative beamwidth and side lobe level. As can be seen, the 
variations are negligible. 
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olantizei) enhanced spacetenna configuration 

In an aUcnipi to impro.f the ^^st^■nl fllii.iL-nL\ ami iniiiiini/i- an> ituri-asc in '.p.M.cli'nn.i si/i’. tin.- shown is bfing investi- 

gated ll'.Tc the ir .1 of (he aperture is increased only in selected locations (tabs are added I At present, an analytical evaluation is 
being conducted ( HKj.MAI.N / la determine the appropriate aperture tapei tor optiinuin efficieiKS 
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Quantized Enhanced Spacetenna Configuration 
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ALTERNATE CONCEPTS 

Pru.nising alternate candidates tor the r.idjating elements of ttie space br)rne transmitter 

o Cylindrical Lens Horn Array 
o Traveling Wave tnd hire Array 

o Enhanced Slot Element 

The lensed horn exhibits extremely high ctTiciency as a result ol the lens in the hoin aperture. 

The traveling wave end fire array provides an open structure whicli is thermally transparent. 

Using enhancing elements on each ol the radiatmg slots m a planar array leduces mutual coupling and conscc|ucntly due to 

edge eftects. Although promising, structural complexity or increased mass have remtoreed the selection ol the slotted waveguide 
for the reference design for this phase of tlie study. 
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Alternate Array Candidates 
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OEPLOYABlE parabolic array 



UNFURLABLE CORE TYPE 
PARABOLIC ARRAY 



TRAVELING WAVE END FIRE ARRAY 



HORN ARRAY 



8LOT OIPOLE ELEMENT 
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INPUT IMPEDANCE OF STANDING WAVE STICKS WITH 5 RESONANT SERIES SLOTS 

The efi ect of stick Icngtii and slot spauny variation was approached Irom the standpoint of mismatch loi the broadside resonant 
array. This is predominantly an impedance e fleet, the deviation ol slot spacing Irom Xg/2 due to iengtliening of the entire slick or 
change of guide wavelength are primarily to huild up the VSWR at the feed point of tlie stick. Mns is ilhistruted tor a string of five 
series slots each deviating by 0.0 IXg Jioin the resonant spacing of Xe'2. from the Smith chart it can Iv seen that this deviation is 
equivalent to the introduction ot a normah/.ed susccplance ol = 0r>. The ratio of power delivered to that with the load matched 
can he written as a mismatch loss L|^ 


where B* = the total normalized susceptance introduced by all the slots. 
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Input Impedance of Standing Wave Stick 
with 5 Resonant Series Slots 
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SPS SURARRAY LOSSES DUE TO DIMENSIONAL TOLERANCES 

Because o| maiuifacUiring (ole ranees and thermal distortions, waveguide si/e as well as slot shape and position will be displaced 
from theoretical These dimensional changes will produce unwanted scattering and imiH’dance mismatch resulting in a reduction in 
elTiciency. Factors aftecting tlie losses in the Spacetenna were studied for a set of given maiuil'acturing and control tolerances. 
These were found to produce noivdissipative power losses of 1 .87'/^ and dissipative power losses of 1.5'^ for Aluminum plated 
waveguide 9.0^) \ 6 cm I D. Tliennal effects were found to he negligible if composite waveguide was used. A number of factors 
including tolerance in the feeder guide from the klystrons and beam Siiuinl due to stick errors were found to produce negligible 
power Josses. 
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SPS Subarray Losses Due 
To Dimensional Tolerances 

' ' I ■ II I » !■ ■ ■■■■■ ■■ ■ 


8PV1M3 


DIMENSION 

TOLERANCE 

EFFECT 

MAIN BEAM>OWER 
DEGRADATION 

SUBARRAY SURFACE 

t50 MILS RMS 

SCATTERING FROM 
PHASE VARIANCE 

0£0%(1) 

TILT OF SUBARRAY 

0.1" AVERAGE 

SUBARRAY PATTERN 
GAIN REDUCTION 

0.50% (1) 

GAP BETWEEN SUBARRAYS 

t.25"AVERAGE 

ARRAY FILLING LOSS 
(*<* AREA LOSS) 

0.13% 

STICK LENGTH 

t30MILS 

MISMATCH LOSS 

0.02% (2) 

WIDTH 

±3 MILS 

MISMATCH LOSS 

0.12 

CROSS GUIDE LENGTH 

t30 MILS 

MISMATCH LOSS 

0.02% (2) 

WIDTH 

t3 mil; 

MISMATCH LOSS 

0.03% 

SLOT OFFSET 

lO.B MILS 

SCATTERING FROM 
AMPLITUDE VARIANCE 

0.55% (4) 


TOTAL 1J7% 


LEGEND: ALL LOSSES ARE ADDITIVE. 

(1) INDEPENDENT OF SUBARRAY SIZE. 

(2) INDEPENDENT OF STICK LENGTH. 

(3) REFERREOT 

(3) REFERRED TO AVERAGE STICK LENGTH OF 16.7 Xg • 2.76 METERS. 
< 4 ) ASSUMES MEAN SLOT OFFSET ERROR IS ZERO. 
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EFFECT OF DC-DC CONVERTER FAILURE 

I hc computer p/ogram was exert is**'! lo pio^ide esijm iles ot perfoimaiue ilegratlalion due fn the tailure cl one IX'*LK’ 

convener which supplies processed powei to 42CJ Klystrons, each 70 KW RF I he results ituiicatc an antenna elticicncy degrada- 
tion ot rouglily 0 4 lo 0.5 percent and an increase in tirst sidelohe level ol .ihouf 0.1 t() 0.3 dh depending on the location of the 
di>abled converter. The total power hjss thus appr'»aches 0 9 percent, since adililional disconnectcti RF |H)wer is added to the 
reduced array elTicieney 
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Spacetenna Section 
One DC -DC Converter Failure 
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ANTENNA EFFICfENCY REDUCTION \ \ 

- 0.44% 0.48% \ 

- 0.6 dB FIRST SlDELOB’d LEVEL INCREASE ^ 

0.4 dB FIRST SIDELOBE LEVEL INCREASE 
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Mi'THODSOI* FO( UMM; KI YS'IKON IIFAM 

( onvi*iitMin;il MU'llMNisot fiK msmik p<»Wi r cw Myslums iilili/r iii rxlrrihil i*li‘iltom;iyiu l wliit li iisiMlIy lyhs times 

the tiihc Wi'iulw Hv (IcsiuniiiK Ihi* tiil> ' in «i m;imiei so lliiit llir suU twMil Siiii lie woiiml iliirvilv on llie IiiIm' iinil by si'lcitinp its 
()l) In ophfni/i* tlu’ snlcnoiiJ iiijvs tinil pciwer n ltiliim Jnps. ;i Iom^ iisk b;isoliiK‘ was amvi ;l ,il li.iviia* the higlu'st prnhabilily 

ol j(0(hI etiiciciKy Alleniatr peniiaiient Magnet tf*M l ami IVriotlu PertiiamMil Ma^'iiel <I*PM I m liemes olh*r |>o|i'nlul ol some 
wei^'hliriK ami elmtmalion ol sirleitoMl pnwei riiese have not .is yrl hern letlm < ii In pt;u lue nii limii power CW tubes bill 
merit aiblil onal consHleralion williin the SPS time Irame 
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Methods of Focusing Klystron Beam 




seb 1V><i 




ELECTROMAG- 

NETIC 

SOLENOID 


MULTIPLE 

POLE 

EM 


PPM 




14 ^ 


coz 





D 1 80-22876-7 


BASELINE KLYSTRON DESIGN (70 KW) 

The bjsieiine design was arrived a( on (lie (ollowmg criteria 

o Power level of 70 kw compalihle with a maxiimim voltage o( 42 kv aiu) a perveaiKe llo/Vo'^^-| <i! 0 2^ x I0"^V resulting in 
high efficiency. 

o KF Design. Single second hamioiiic hunching cavity resulting in short inter;Klion length. 6 c.ivf*) design (ogive 40 dh gam 
I e.. feasibility of solid slate driver tube. 

o Focusing Body-woinui hglUweighi solenoid tor low risk high eUKiency a)>|>roach. 

o C athode: Coated powder or metal matrix medium convergence catiuHle to ub*am an emission ol < 200 nia/cm* lor 3(J year 
life to emission wearoul 

o Thennal Dt*sign Fieal pipe with passive r*idiators to obtain the ilesired C'W level with const' r\ alive heal dissipation ratings. 

o Auxiliary Protctlion Moduiating aiuxlc to provide rapid protection shut oU capability at tlie indiviilnal lube level. Iiopetiilly 
obviating the need lor crow-bar type ol turn-oll 
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ESTIMATED EFFECT OF COLLECTOR DEPRESSION 

The relationships hclwcon klystron parameters required to (jptiim/v eniueniy are shown AJthou)ifi il is relatively easy to increase 
the overall efficiency f'om say 50 to 05'^ using a ^-Mjge depressed colk\!or with j collector energy recovery ol ahoiit 70' v. f|»c 
task of obtaining an 85'// ellieient klystron will likely require tlie use ol a ^ 'Stage sol lector. With »m undepressed efftcieiuy of 74V 
and a collector recovery of 50" a net etlKieiKy of 85'> would be realized Tlic design parameters tor a 70 kw klystron, based on 
Equation ( I ). *^iipport this estimate 



INCREMENTAL EFFICIENCY GAIN DUE TO DEPRESSION 
(PERCENT) 
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Estimated Effect of Collector Depression 
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PROJECTED LIFE OF THERMIONIC CATHODES 

Assurance of 30 year r.f. transmitter life acquire continued testing and assessment to provide a credible data base from which 
to select either a cold cuthode or a thermionic cathode operation. High secondary emission cold cathodes t Beryllium Oxide I have 
best known life of 18.000 hours and a’quire oxygen replenishment. Bc*sC platinum cathode data is currently 10.000 hours at 5 
GHz. Best thermionic cathode life data on the Intelsat transmitter TWTs and BMKWs is over 50.000 hours and cathode wearoiit 
due to emission cun be designed to be 30 years with conservative current density. The candidate thennionk* cathodes aa* proven 
oxide cathode operating below OOO^C and Tungsten matrix cathodes at slightly over tOOO^f. Actual cathode testing should be 
conducted in a realistic cathode-tube environment, not just a test diode. TIte SPS tube parameters are compatible with consc*rva- 
tWe cathode ratings with a cathode to beam convergence of less titan 50. 

To avoid excessive infant mortality, a burn-in period is recommended, which may K* possibk* in space. The question of open enve- 
lope operation requires further assessment of space contaminants and can offer signillcunt cost reduction if reuli/aMc. 
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KLYSTRON PROTECTIVE DEVICES 

To assure reliable operation, hopefully in absence of a crowbar circuit, several features are proposed fur incorporation into the 
klystron design and external circuit monitoring. These iiidude: 

o Modulating anode which provides rapid sluit-off feature should r.f. drive fail, or tube shut down in case of body or cathode- 
to-modulating anode arcing. 

o Arc detector in the output waveguide to shut t>ff r.f. drive, 
o Body current monitors to assess eutluxle performance as a runction of time, 
o Collector current monitors as possible indicators of internal arcing. 
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Klystron Protective Devices 
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SPECinC WEIGHT OF MICROWAVE TRANSMTITERS 

Specific weights of commercially available C W. transmitters vary over a large range of parameters. Crossed field services such as 
the amplitron, due to their compact interaction region are clearly superior in the regime below 100 kw CW. Broadband devices, 
such as the helix and coupled cavity TWT have never been optimized for low specific weight and are not directly applicable to SPS 
where the advantage of narrow bandwidth can be utilized. Amplitrons, utilizing relatively recent Samarium Cobalt improvements 
in permanent magnet technology are projected to have specific weights of below 1 lb. per Kw. CW klystrons at the 100 Kw level 
with conventional solenoid focusing are typically 5-10 Ib/Kw but with a solenoid wound directly on the tube can approach 2 lb per 
Kw and probably below that at higher powers. At the SO Kw CW level, a klystron design can be conceived using combined 
PM/PPM focusing with a specific weight of about 1 .5 Ib/kw. The choice between an amplitron and klystron will have to be baaed 
on realizing the above values and on other system considerations such as efficiency, gain, anteima integration and rdiability. 
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Specific Weight of Microwave Transmitters 
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RF TRANSMITTER ACQUISITION COST 

The attached chart points out the importance of proper power level selection to optimi/e r.T. transmitter acquisition and replace- 
ment cost. The indicated cost is based on the following estimated tube costs and MTBK's. 


lufee^Typc’ _ 

Power 

Anipfitron 

5KW 

Klystron 

50 


250 


500 


Cost 

MTBI (Years) 
(1) (2) 

S 100 

30 

15 

2700 


14 

bOOO 

24 12 

7500 

20 

10 


Cost of transportation to space is S60/kg. Passive cooling is assumed. Otlier system factors such as ctTiciency . gain differential, 
maintenance cost and x-ray environment an.* not included. The analysis indicates that ine iiigher power level klyst.*ons are com- 
petitive with amplitrons on this basis and other system parameters wilt induence the ultimate transmitter selection. 
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RF Transmitter Acquisition Cost 
for 6 Gigawatt System 
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MPTS POWER DISTRIBUTION SYSTEM BLOCK DIAGRAM 

The MPTS power disfrihuliot) sy.Wcm proviUcj power trausnussion, coiulKionin^. conirol. aiui siorutfi* lor all MPTS elemenu. The 
antenna is divided into 228 power contiol sectors, each wetor providmit power to approximately 420 ktysiroiu. The two klystron 
depressed coUectors which require the majority ol siipptted power are provuKn* with power directly from the power generation 
sysP'ni to avoid the dc/dc conversion lossi's. All olher klystron element power reqiiiicments are provided i»y the DC7DC' converter. 
System disconnects are provided fur isolation ot equipment for repair and maiiHenunce. 
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MPTS Power Distribution Systen> 
Block Diagram 
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MPTS CONDUCTOR ^ESICN PROCEDURE 

Aiumimim shvct concJucton» were &i*lccted tor routiii)E iMiwer from the rot;iry joint to power !k*elor control hIiicc they result in a 
minimum mass coniJiiclur system. For the coiuluctor si'^ement shown in the figures a coiutuctur operuling temperature can Ih* 
selected which will minimi^^c the satellite mass. A general case for selection of the optimum conductor temperature is shown in 
the figure. The conductor mass for the sheet conductors from the rotary joint to the power control substations was computed to 
be 270,577 kilograms with an l“R loss of 145.5 megawalls for the entire anienna. Ihe total mass which is a'tributahle to the 
MPTS conductor system is the masN of the conductors plus the mass of the array requia'd to compensate for the l*K loss of the 
conductor system. 
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COMPARISON OF POWER DISTRIBUTION CONDUCTOR MASS 

For u given d.c. power level ut the r.T. trunsmiiter. scriiuis cuiiHicler;iliuM imist Ik given lo the iliMrihiition voltuge. not only on the 
b<i.s» of LEO/GEO pla%mu effeeU or nearby X-ray levels, but tin the basis of losvs within the satellife ilKtrilnition m*twork. :is 
they are impacted hy (he eoiutiu tor si/e/inass sv*leelinn. The l*R hrss must be e«>nipi*nsateil by addfliomil (pho(<ivollaiet power 
generation capacity {(** .1.15 kg/kwK and if pnuvs.wd power js rei|uiivd. with rediiiulant active thermal control i(** 14.5 kg/kw of 
thermal heat dissipated, with etTieient dc-ile eonvertersi. 

The attached chart shows the result of an optiini/ation lor two t>pes ot distnlniiion systems using Hat aluminuin e<uuluctors. It 
clearly shows that high curreni unprocessed power rc(|uiremei)ts can result in a large eoiuUietor muss ivnally. This factor is of 
sufficient impact to warrant inclusion in any meaningful r.l. transmi((cre<irtipunson. 
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Comparison of Power Distribution Conductor 
Mass for 20 KV & 40 KV System 
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EXAMPLE 

• AMPLITRON 9 20 KV-UNPROCESSED POWER 

OPTIM'ZEO CONDUCTOR MASS - 6.3 x tO^g 
|2r loss - 12% - 3.75 x 108kg 

93.15 kg/kW S.OBxIO^kg 

• KLYSTRON 9 40 kV-15% PROCESSED POWER 

OPTIMIZED CONDUCTOR MASS - 2.7 x 10»kg 
WST OF PROCESSED POWER 
15% OF 4% THERMAL LOSS 
OF CONVERTER 9 14.5 kg/kW - .71 x 10^ 
COST OF CONDUCTOR |2 r LOSS 
7.3% 9 3.16 kg/kW - 1.8® x 10* 

5.3 X 10*kg 

DIFFERENTIAL IS l» 75 x 10*kg 
- 0.56 kg/xW RF 


CONDUCTOR TEMPERATURE 


UNPROCESSED POWER - OGW 
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DC/DC CONVERTER OPTIMIZATION 

The results of a 1X7DC' converter an;ilysis. pcrlormcd hy the (icneral Electric ( oinpany arc sliowit in the fitturc. Hie total mass is 
composed of the DC/DC converter mass plus the mass ol the radiator system re<tuircd to ccmiI the converter plus the additional sat* 
elhte nass required to generate the power to compensate lor converter electrical loss. The minimum total mass cKcurs at a con- 
verter switching Irequency ol approximately 20 kilohertz which corresponds to a converter specthc mass of 1 .0 kg/kw. and an 
efficiency of 9h percent. Tliese values Were used lor the hass'lme MPTS power dislrilnilion system design. 
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MASS, KG X 10' 






• RADIATOR MASS - 14.9 KG/KW (LOSSES) 

• SOLAR CELL MASS- 3.15 KW/KW 


• CONVERTER CHARACTERISTICS 


FREQ 

KHZ 

LOSSES 

KW 

CONVERTER 
MASS KG 

RADIATOR 
MASS KG 

1 

161 

13,500 

2,400 

10 

232 

7,000 

3,460 

20 

265 

5,500 

3,950 

30 

302 

5.100 

4,500 


CONVERTER LOSS, KW 
SWITCHING FREQ., KHZ 
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INTEGRATED KLYSTRON MODULE 

An integrated klystron module, sized for installation near the center of the antenna, is shown. The m^jor inotlule components and 
their placement ate noted. 

This module configuration resulted in a very thin. 33 centimeter, .subarray and is more conducive to earth tahrication. testing and 
transport to the antenna assembly location. 

For this study, the subarray was the system LKU but with this typi* ol’ structure, the nuKtule could he made the LKU with only 
slight modifications. 
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INTEGRATED SUBARRAY 

An integruteil subarray for the lowest power density near the spacctenna periphery is shown. Hi is stniciural eonfigiirution sliuv/s 
where the module components a a* located and how the integral structure was achieved. 

The structure supporting the klystron is designed to accept the variable nuinlHrr of modules per suharray necevsary for output 
tapering. The same basic approach was used to lay out suharray structures and component locations fur the other power densities. 
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Integrated Subarray 




SPS-1717 
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POWER TAPER INTEGRATION 

llie actual integration ut power Jens ty rings is idustralcil on this view of onc-toiirth ul the radiating t'acc ol the antenna. Listed 
tor each step are the numher of modules per suharrav . the luimher ot' suh.iir.iys ol :nat type and the mini her of klystrons in that 
step for one antenna. 

To meet all ot the design constraints sliown previousl) , a power taper was achieved using the ten i)uanti/ed steps avaiLihle that 
would provide a ground output of 5.0 (iW Tor a 1 .00 kilometer diainelei antenna with a 0.5 dB p<nver ilensity taper 
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Power Taper Integration 

' ' ' ■ ■ I I I I mamfmrss 


:iPS-1168 



STEP 

NO. 

SUB ARRAYS 

NO. 

KLYSTRONS 

1 936 

272 

9792 

2930 

580 

17420 

3 9 24 

612 

14688 

4 9 20 

612 

12240 

5 916 

756 

12096 

6 912 

864 

10368 

798 

623 

5652 

898 

576 

4608 

996 

1032 

6192 

1094 

1000 

4000 

TOTALS 

6.932 

97,056 


POWER OUTPUT: (ANTENNA) 6.78 GW 
(GROUND) 5.01 GW 
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SPACETENN . STRUCTURAL COISiCEPT 


PriiT iiry Structure 

ihc iiP^*nnu pnnuir^' structure is .1 tctr;ihcilr;ii |*>l;ui;ir truss «iiul gives depth to the untemui tor stit’l’ness ;iihS stubility. Tlu* primary 
structure supports the secondury structure, powci distribution buses, power coiulitioning eiiuipmeiif. themiul control components 
and |.>rovldes lor antenna yoke attachment. 

Tile vnni.ir> structure is shown with secondary modules installeil. 
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st-s-iaae 


Primary Structure 
(Secondary Modules Shown) 
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SECONDARY TRUSS-MODULE 


The antenna secondary structure, supporliny the subarrays, is a tetrahedral planar truss. Individual niotiules may Ih* hiiill up in a 
planar fashion lo form the planar radiatinK lace <>l the antenna .Sixly-rjiie ol the hexagonal ni'Hlules are arranged in five rings to 
complete the secondary structure 
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SPS-I««6 


Secondary Truss-Module 
(Subarrays Shown) 



ARRAY MOOULe 
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MPTS MASS AND COST ESTIMATE 

In order tu obtain the desired power taper across the radmlinjt aperture ot the spucelenna. the subarrays ot which il is conipriwd 
must contain varying numbers of klystron mcHliiles This chart depicts the esiiniales of muss and cost for the individual ly|H's of 
subairays. Che structua* controls, power distrihutmn system and comm md and control subsystem. 

The antenna mass summary shown is significantly larger than previous mass esinnales. I he largest growth areas a.e power distribu- 
tion (DC-DC* convertc>^ including llicnnal control l and Kf (nneratioii t klystrons including Ihcrtual control). 
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1.0 i 01.04 MPT8 13084 878.92 


1.01.01.04.00 

COMMON 

3641 

424.22 

1.01.01.04.00.00 STRUCTURE 

260.0 

2227 

1.01.01.04.00.01 CONTROLS 

(358) 

62.61 

1.01.01.04.00.02 POWER DISTR. 

2933 

23021 

1.01.01.04.00.03 COMM/OATA 

(100) 

106.64 

1.01.01.04.01 

TYPE 1 SUBARRAY 

833.09 

66.66 

1.01.01.04.02 

TYPE 2 SUBARRAY 

1606.34 

99.02 

1.01.01.04.03 

TYPE 3 SUBARRAY 

1-- 5.02 

83.49 

1.01.01,04.04 

TYPE 4 SUBARRAY 

1i;’2.16 

6928 

1.01.01.04.06 

TYPE 5 SUBARRAY 

11;;i.12 

68.76 

1.01.01.04.06 

TYPE 6 SUBARRAY 

1042.96 

68.94 

1.01.01.04.07 

TYPE 7 SUBARRAY 

613.87 

32.13 

1.01.01.04.08 

TYPE 8 SUBARRAY 

607. /3 

28.19 

1.01.01.04.09 

TYPE 9 SUBARRAY 

760 ’J6 

3520 

1.01.01.04.10 

TYPE 10 SUBARRAY 

68120 

22.74 


FOR 10 GW, 2 ANTENNAS. 26128 MT AND $1981.8 x 10^ 
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Photovoltaic 

Conversion 


i 

ffS 


*>! 


i 
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PHOTOVOLTAIC REFERENCE CONFIGURATION 


This rHcTcnce conflguralinn represents the study stariiii(.’ point. Its size was hased on die iKiroMiiaiici elijiii esiuhlishcJ diihiiti 
the JSC study and a ground output re(|iiireinents of lOiTW BOL. 
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Initial Photovoltaic Reference Configuration 
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PART I -PHOTOVOLTAIC STUDY REQUIREMENTS 

The major objectives of Part I of this study arc summarized her I hese factors were used to analyze the various candidates for 
energy conversion and establish a system that could be dcllned to a greater depth in Part II. 
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spS'ieas 


Part 1 — Photovoltaic Study Requirements 


1. WHAT IS THE MOST OVERALL EFFECTIVE MEANS OF SP8 ENERGY CONVERSION? 

2. WHAT IS THE MOST DESIRABLE CONSTRUCTION/ASSEMBLY LOCATION(S)? 


CANDIDATES 


COMPARITORS 


SINGLE CRYSTAL PH0T0V0LTAIC8 

• SILICON 

• GALLIUM ARSENIDE 

ADVANCED THIN FILM PHOTOVOLTAICS 

• SILICON 

• GALLIUM ARSENIDE 

• CADMIUM SULFIDE 

• COPPER INDIUM 8ELENIDE 


a>8 PERFORMANCE 
PERFORMANCE DEGRADATION 
SP88IZE 
SP8MA88 

SYSTEM COMPIBXITY 
SYSTEM MAINTAINABILITY 
C0N8TRLCTI0N REQUIREMENTS 
TRANSPORTATION REQUIREMENTS 
TECHNOLOGY ADVANCEMENT REQUIREMENTS 
SYSTEM COST DIFFERENTIAL FACTORS 
ENVIRCMMENTAL EFFECTS DIFFERENTIAL FACTOR 
MATERIALS DIFFERENTIAL FACTORS 


181 



0180 - 22876-7 


PHOTOVOLTAIC OPTIONS 


Highlights of the Photovoltaic Study and its basic options and subophons are shown together with the primary issues which 
required resolution during the first study phase, liffort was directed towards addressing these issues within the constraints of the 
satellite automated fabrication and assembl> concept. 
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Part I — Photovoltaic Options 


SPM88 

ARRAY TYPE ft 



"CELL- 

CONCENTRATION 



TYPE 

RATIO 

CONFIGURATION 

ISSUES 



t SILIC0MC06T8/PERf 
* SILICON DEGRADATION 
ft PERFORMANCE MAINTENENCE 


1 THIN FILM REFLECTOR 

PERFORMANCE/DEQRAOATION 


t QAAS COSTS ft M.ATERIAL 
AVAILABILITV 

'• GAAS DEGRADATION ft 
PERFORMANCE MAINTENENCE 

' CPC PERFORMANCE 
> CELL TEMPERATURE 


f PERFORMANCE/COST/WEIGHT 
t DEGRADATION 
• POWER DISTRIBUTION 
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SOLAR CELL DEVELOPMENT-OECEMBER, 1976 STATUS 

The achieve J'* celi eflKieiKies are tliove reporleJ a' ihe !‘}7r> Photovoltaic Specialists ( oiilerence ami the Aii}!u.st. P>7r» 
hRDA National Photovoltaic Conversiim Program Review meeting. Only silicon Mslar evhs are m proiluction, with 14.6 percent 
efiiciency reported by Spec^rolab for a limited quantity ol “sculptured” cells. 

Llficiencjes expected in 1^78 are based on >pinions by the invcs% ’^alors. t or example. J. M. Woodall ot IBM predicted that he 
would have 20 percent air-mass-rcro gallium-arsemde cells within a y. ir. Many wotWots predict Ib-pcrLci t silicon cells. 

The probable 1987 efficjencies are our own predictions, based o!i past progress and theoretical limits. 


184 



DiSO-2287f.-7 


Solar-Cell Development — Aurast, 1977 Status 
Cell Types Pertinent to Solar rower Satellites 




CELL 


PRODUCTION 

CELLS 


GALLIUM arsenide SINGLE CRYSTAL 
THIN FILM 


BEST PR^TRABLE THEORETICAL 

ACHIEVED 1878 1087 LIMjT 

18.6 21 22 26 HU( 

12 18 17 28 IN 2 


SILICON 

SINGLE CRYSTAL 14.6 

18.6 

18 

19 

22 


POLYCRYSTAL 

12.0 

14 

16 

22 


THIN FILM 

12 

12 

13 

22 


METALLURGICAL 

6.0 

10 

12 

22 


VERTICAL 

IS 

16 

18 

22 


JUNCTION 





calmium 

SULFIDE 


8J 

10 

10 


InPOdS 

SINGLE CRY8T/L 

16 

17 




THIN FILM 

6.7 

10 



In/P/lnSnO 

SINGLE CRYSTAL 

18 


17 


CulnSe 

THIN FILM 

3 



17 

Cd/CulnSe 

THIN FILM 

6.2 



17 

81/L^ 

TANDEM 




34 


NOTES 


HUGHES ACHIEVED 17 J% 
IN 2a2em SPACE CELLS. 
BEING DEVELOPED BY 
JPL,VARIAN.8MU.MIT 
LINCOLN LABS FOR EROA 


tWOLP GIVES 19% GOAL 


/CLAIMED TO BE 
I RADIATION RttlSTANT 


(71 IN RESOURCES 


SPLUTTERED, SCHOTTKY 
BARRIER. BELL LAM 

BEING DEVELOPED 
AT BOEING 


JUNCTION 
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SPFCTRUM OF PROTONS INCIDENT ON SOLAR CELLS 

I N.nK Trot Wchhcr\ M»br activity prciliciioiis, wc Lakukitc UmI id 30 years in jscosynchronoiix orhii a si)icon r»o\jr volt under a 
150pm <6 mil) fused siliva cover will be exposed \a the eunivaleiii of 2.2^ x 10* ' protons iiaving greater than 10 energy. 
The spectrum ot the protons is plotted here, with tluence us a funelion of proton energy. Note how crpious are the lov energy 
prot-^ns. when compared with the high-energy ones 
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• Noimalik^d tc 5 x 10^ protons /> 10 MeV) 

• Geosynchronous orbit 
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DAMAGE EQUIVALENT OF PROTONS 

Ihc prcviou'ily derived proton flucnce was convcrieil into its equivalent onc-McV electron fliiencc by jpplyin|! the I/I equivalence 
plotted here, in layer by layer ot the solar cell. An alternate, but mure gross, conversion could have been made with the curve 
from the solar cell Radiation Handbook, plotted as a doited line for reference. 

Ihc one-MeV electron damage coellicient, when plotted in the units shown, would be around 10*^^. indicating that protons are 
some 1000 limes as damaging as electrons. 
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Damage Equivalent of Protons 



189 



DI80-22876-7 


PART I ANNEALING SIMMARV 


Allhough the data was somewhat limited, iiii ^it dalii was received lor every unnealing issue and is summari/.ed here. 


A largi r data base is needed on all annealing issues especially the temper.iture/time relations, percent recovery of radiation damage, 
and the eifects or repeated annealing. 
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Annealing Summary 


8PS«33 

ISSUES: 

• PRO'^ON vs ELECTRON DAMAGE 

• TEMPERATURE/TIME RELATIONSHIPS 

• SUBSTRATE COMPATIBILITY 

• % RECOVERY 


o 


DATABASE: 

SIMULATION PHYSICS: RESEARCH & TEST 
HUGHES: RESEARCH* 


INPUT: 

• ANNEALING IS FLUENCE DEPENDENT-PROTON DAMAGE REQUIRES HIGH 
TEMPERATURES (500OC-i>) 

• TEMPERATURE IS PREDOMINANT PARAMETER 

• DIRECTED ENERGY APPROACH PROMISING FOR BOTH EFFICIENCY & 
SUBSTRATE COMPATIBILITY 

• RECOVERY WILL APPROACH 100% WITH PROPER DESIGN 

• LOW TEMPERATURE GAAS ANNEALING PROBABLY NOT APPLICABLE TO 
PROTON DAMAGE 

*HUGHES CURRENTLY INVOLVED IN RADIATION DEGRADATION TEPT 
PROGRAM FOR USAF 


191 



D180-22876>7 


GaAs INPUT SUMMARY-HUGHES 

The Hughes input on GaAs is suinmurized here in key ureas. Of significance was the luck of data base in areas critical to SPS 
applications. The resolution of these issues could result in a GaAs SPS with significant cost and mass advantages. 
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GaAs Input Sununary Hughes 


• SINGLE CRYSTAL EFFICIENCY « AMO • 20% 

• THIN FILM (10 fim) EFFICIENCY - SINGLE CRYSTAL EFFICIENCY 

• GaA> MUCH MORE RESISTANT THAN 81 TO HIGH ENERGY PROTON 
DAMAGE 

• ELECTRON DAMAGE TO GAAS ANNEALS "OUT" •200-300ac 

• GiA* SS NOT EXPECTED TO EXCEED Sl/g 

• DATABASJE LACKING FOR: THIN FILM; RADIATION DEGRADATION 
ANNEALING 
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THIN FILM REFLECTORS 

A summary of the Part I reflector data used to evaluate the performance of a CR2 system is sliown* Using the Protrect Able 
radiation degradation data ind the ^'coupon data/* an initial ideal reflectance of 0.85 will have degraded to 0.5^ in 30 years. This 
resulted in a geometric concentration ratio of 2.0 (CRg * 2), having an effective CR of 1 .3 1 when compensated for solar cell 
thermal degradation. 

Also shown are some of the problems that must be taken into account if a reflector is used to concentrate sunlight on solar cells. 
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Thin Film Reflectois 


• "COUPON DATA" 

- REFLECTANCE VS BEAM SPREAD 

- REFLECTANCE VS STRESS LEVEL 

- REFLECTANCE VS WAVE LENGTH 

- REFLECTANCE VS INCIDENCE ANGLE 

- REFLECTANCE VS RADIATION/TIME 

- REFLECTANCE VS ALUMINIZATION CHARACTERISTICS 

• "REFLECTOR" PROBLEM/PERFORMANCE DEFINITION 

- EDGE MARGIN FOR EVEN ILLUMINATION 

- STRESS LEVEL VS "FLATNE^' 

• MEMBRANE ANALYSIS 

• JOINTS • EDGES • TOLERANCES • TEMP A'S 

- REFLECTOR CREEP 

- MECHANICAL PROPERTIES' DEGRADAYION 
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SHADOWING AFFECTS STRING PERFORMANCE 

This illustration shows the effect of shadowing on solar cell string oiitpiit. Tile percent sluulowing can he lnten>retcd as cither the 
percent of the array that is completely shadowed, the percent of reference illumination provided to a string compared to other 
strings in the array or a combination ol the two. 

Uneven illumination may be caused by support members shadowing portions of tl\e array, edge margins on thin film reflectors, or 
objects passing in front of and shadowing the solar array. 
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PART I SILICON SYSTEM COMPARISONS 

Several silicon syslems were developed in Part I to show the etieci ol the f*RI vs. C*R2. LhO vs. (il O construction, and pow'er 
maintenance scenarios. An illustration of some of the systems developed for (»K0 construction is sliown. 

The main conclusion tliat can he made Irom this compjrisi>n is that a (‘R I system is more fa' orahlc and that amiealin|l presents a 
large advantage in power maintenance. It annealing is not available, array addition would In the next logical choice. 
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10 GW MIN. FOR 30 YR& 
TOTAL AREA: 

ACTIVE ARRAY AREA: 
MASS: 

PRODUCTION COST 0-00® 
TOTAL COST $-10^ 


30 YR. OVERSIZE 

2S3.1Km2 

120LBKm2 

10B.mMT 

6044.0 

15446.0 
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— Silicon Configuration Summary 


SILICON - GEO ASSEMBLY 


CR"2 

ARRAY ADDITION 


anneJIlino 


annbaunq 


230.3 Km2 182.2 Km^ 

90J KmZ (113.3 EOL) 864 KmZ 

862S6MT (100480 EOL) 7647BMT 

61714 (66424 EOL) 80664 

131844 (148114 EOL) 121484 


1864 KmS 
1004 Km2 
71,728 MT 

ff^,f 

11408.1 
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CRI SlUCON SATELUTE SENSITIVITY TO CELL PERFORMANCE 


Silicon perfonnance sensitivitiei, ilarting from u reference flgure of MK uml dropping 2'A per mep. ure ahown here. Even at \4U 
efficiency there is not a dramatic change in eithci mau or coil. This indicates ihal achieving low cell costs is much more 
important than maximizing efficiency. 
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Silicon Satellite @ CR*1 Sensitivity 
To Cell Performance 



n>it% 

mPIMNCI 




(mraiia) 
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PART l-GaAs SYSTEM COMPARISONS 

A similar trade was made on GaAs systems with major conclusions sliown here. Tlie CR-I vs. CRO trade is not as clear with GaAs 
systems, from a mass comparison. The lower gallium usage but higlier system complexity ond illumination problems with the 
CR-2 system must be taken into account for a fair comparison. The advantage of LEO construction is apparent in the cases 
shown. 
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Part I — GaAs Conflguration Summary 


WM 


k-ia» 


0«A» - 10 OW M iW. FO R 30 VR>. V A AWWgAUWO 


LEOA»e>IBLY 

CR»2 CR- 


OeOASSeMBLY 


TOTAL AREA: 104A Km^ 71.7 Km^ 

ACTIVE ARRAY AREA: 66.9 Km2 71.7 Km2 

MASS: 46S20MT 46113MT 

RROOUCTION COST: S«1fl0 8027>l 6197.9 

TOTAL COST: S^C^ 8117.0 8313J) 


06.4 
064 

42180 MT 

6028.4 
844Z7 
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PHOTOVOLTAIC ENERGY CONVERSION COMPARISONS 


A matrix of the photovoltaic energy conversion candidates and the major system comparators, shown pnrviously. was developed. 
The viable candidates become apparent when compared in this fasliion. 


Single crystal silicon systems. CRt and CR2, appear to be the best candidates for the least amount of extrapolation. TItin cell 
GaAs systems have the best overall characteristics but the question of gallium availability is currently unresolved. 
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Photovoltaic Energy Conversion Comparisons 






SINGLE CRYSTAL CELLS 










SILICON 

CfLI 


102111 

FAIR 

BBDi 

MED 

GOOD 

GOOD 

GOOD 

LOW 

SILICON 

CB-2 

wm 

ira 

FAIR 

IBSI 

MED 

PAIR 

MED 

GOOD 

LOW 

QaAt 

CfM 

mm 

FAIR 

GOOD 

IBi 

LOW 

GOOD 

GOOD 

POOR 

LOW 

GaAft 

CR-S 


PAIR 

GOOD 


LOW 

FAIR 

MED 

POOR 

LOW 

Gate 

CIOS 

V. HION 

Kifl 

GOOD 


LOW 

POOR 

POOR 

MAROIIIIAL 

LOW 

AOVANCEO THIN FILMS 




n 






SILICON 

CR-1 

LOW 

GODO 

PAIR 

1^ 

MED 

GOOD 

GOOD 

6000 

V.NMM 

SILICON 

CR-3 

LOW 

0000 

PAIR 

imu 

MEO 

PAIR 

MED 

GOOD 

V.NIGN 

OaAs 

CR«1 

HlOH 

EXCELLENT 

GOOD 

GOOD 

LOW 

GOOD 

GOOD 

PAIR 

mfiM 

•VfWV 

GaAt 

CR-2 

NlOH 

EXCELLENT 

GOOD 

GOOD 

LOW 

FAIR 

MEO 

PAIR 

HION 

GaAi 

CIOS 

HlOH 

EXCELLENT 

GOOD 

GOOD 

LOW 

POOR 

POOR 

PAIR TO 
GOOD 

HIGH 

CADMIUM SULFIDE 

LOW 

EXCELLENT 

GOOD 

POOR 

LOW 

GOOD 

GOOD 

GOOD 

V.HIGH 

comR 

INDIUM SELSNIOC 

LOW 

EXCELLENT 

GOOD 

POOR 

LOW 

GOOD 

GOOD 

FOOR 

V. NIGN 
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PHOTOVOLTAIC SUMMARY 

These are the conclusions with respect to photovoltaics ut the end of Part I. 

With respect to the cost of silicon solar cells, we found that the 20.5 billion 3 by 10 cm cells rci|uired for each solar power satellite 
would be manufactured in new automated factories which would be entirety ditTerent fron) today's solar-cell production facilities, 
and the cell cost would be more like the cost of today's high-volume semiconductor products. Tire ''mature industry" approach to 
pricing indicated that the cost of the satellite would indeed be reasonable. 

The weight and cost of the satellite was not too sensitive to solar cell perfonnance. Practical satellites could be designed around 
solar cells having efficiencies even as low as 1 6.5 percent, which is achievable today. 

In concentration ratio trades, the non-concentrating array always came out best from cost and weiglrt standpoints. Hie key factor 
was the radiation degradation in reflectance of aluminized Kapton films. Project Able tests indicated that Che 85 percent reflect- 
ance of the aluminized Kapton films would degrade to 63 percent, with most of the degradation occurring within the first tew 
yean of the 30-year projected satellite life. 

Work done by Simulation Physics. Inc., showed that in solar cells the radiation damage caused by sola^fla^e protons can be 
annealed out, avoiding the loss of some $16 billion of power sides revenue. Laser liglit. electron beams and infranrd radiation anr 
possible heating methods. Thermal annealing is worth developina. 

Low-earth-orbit turned out to be the most practical place to assembly to the solar power satellites, provided electric thrusters 
could be used to transfer the completed satellite to geosynchronous orbit. Cieosynclironous-orbit assembly required shipping huge 
quantities of propellants to low-earth orbit. Essential to the low-earth-orbit assembly approach is the thermal annealing of radia- 
tion damage occurring during transit through the Van Allen radiation belts. 

Gallium arsenide solar cells were found to be advantageous because of their probable 2 1 percent conversion efficiency and their 
moderate loss in performance as they became warmer. However, gallium availability turned out to be questionable. Gallium was 
not concentrated sufficiently in sea-water to be worth recovering. Gallium is at presamt a by-product of aluminum and zinc refin- 
ing, with coal fly-asli being a potential source. The projected United States coal consumption and aluminum production will not 
be great enough to support the construction of several solar power satellites per year unless the gallium arsenide layer in the solar 
cells is made thin, say under lO/im. ERDA has funded Batclle Northwesi to carefully investigate gallium availability. 

Some work has suggested that radiation damage in thin layers of gallium arsenide cun be annealed out at fairly low temperatures - 
perhaps at only I25^C. Also, gallium arsenide celts arc more resistant than silicon solar cells to radiation damuge. making them 
more applicable to powering tlie transfer of u completed solar power satellite from low-curth oihit to geosynchronous orhit. 

Thin film solar cells, many types of which arc being developed by LRDA. are characteri/ed by great but unproven potential, flieir 
low weights and thin cross-sections make possible ideal satellite design. Some ofler the potential of good efTieieiKy. for example. 
15 percent in single-crystal indium-phosphide/cadmium sulfide. Howevei. the 'generation of si/cablc crystals on thin films has not 
yet been realized. The best achieved efficiency in other than singlc'crystal cells has been around 8 percent for cadmium sulfide 
which has not yet been proven to be stable in performance. 
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Part I — Photovoltaic Suminary 


• SILICON COSTS NOT *TOp HIGH** 

• SILICON SYSTEM NOT SENSITIVE TO CELL PERFORMANCE 

• CR1 PREFERABLE TO CR2 

• ANNEALING CRITICAL TO SILICON SYSTEM 

■9 LEO ASSY & SELF POWER SHOW TO ADVANTAGE WITH ANNEALING 

• GALLIUM SUPPLY OSS IN QUESTION 

« G>L^ THIN FILM CRITICAL TECHNOLOGY 

• IF GAA8 SUPPLY O THIN FILM OK-GAAS ATTRACTIVE O NOT AS 
SENSITIVE TO ANNEALING OR LEO/QEO TRADE 

• OTHER THIN FILMS LOOK COMPETITIVE BUT NEED IMPROVED DATA BASE 
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PART 1 RECX)MMENDATIONS 

The conclusion of Part I of the study was the recommendation of a system to define to a greater depth for the reduction of uncer* 
tainties in size, mass and cost in Part II- The main recommendations were the result of trades conducted on the various candidates 
and the comparative factors discussed previously. 
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SPS-1630 


Part 1 


Recommendations 




• RECOMMEND SILICON. CR1, ANNEALABLE SYSTEM 

• BEST DATA BASE - LEAST AMOUNT OF EXTRAPOLATION 

• LOWEST SYSTEM COMPLEXITY 

• BEST CANDIDATE FOR REDUCTION OF UNCERTAINTIES 

• CR-2 ONLY PROVIDES A CR^ 1.31 

• REFLECTORAINEVEN ILLUMINATION PROBLEMS 

• CARRY GALLIUM ARSENIDE AS ADVANCED TECHNOLOGY SYSTEM 

• HIGHER EFFICIENCY - LOWER DEGRADATION 

• MATERIAL AVAILABILITY 

• THINNER CELLS REDUCE USAGE 

• DISCONTINUE THIN FILM CANDIDATES 

• INSUFFICIENT DATA BASE 
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PHOTOVOLTAIC SATELUTE-INITIAL PART II OHJECriVES 

Tfiese program objectives pertain to the solar array for the initial Part II effort. An additional level of depth was needed for the 
solar array, array primary structure, and power distribution. To generate baseline designs, we adopted a cell size and type, a cover 
and substrate material, and an intea’onnecting technique. An important consideration was appropriateness to automated manufac- 
ture. With the blanket designed we could then proceed with preliminary designs of primary structure, and buses and control lor 
carrying the power from the solar array to the rotary joint. Minimum manhours in orbital us.scmbly was an important requirement 
of the structure. 

Other areas requiring definition included microwave power transmission system, attitude control, secondary structure, and rotary 
joint. The rotary joint turned out to be sensitive to brush voltage drop, which represents heat that must be re-radtaCed away. 

We investigated gallium arsenide solar cells further, particularly with respect to (heir use in concentrated sunlight, considering the 
reflectors, supporting strui turn, and pert'omance during anticipated mis-orien tut ions. 

An important key issue in the use of silicon solar cells is annealabiUty. Many years ago the U.S. Naval Research Laboratory 
demonstrated that radiation damage can be annealed out of silicon solar cells. However*, no one has annealed ccll.s repeatedly, so 
we do n know what is tlie unannealablc fraction of radiation damage More work in this Held is rec</nunended. 
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Photovoltaic Satellite 
Initial Part II Objectives 

sps-iooa 


IMPROVE REFERENCE SATELLITE DEFINITION 

• PURSUE THOSE AF .AS ALREADY DEFINED TO AN ADDITIONAL LEVEL OF DEPTH: 

• SOLAR ARRAY 

• PRIMARY STRUCTURES 

• POWIER DISTRIBUTION 

• DEFINE THOSE SIGNIFICANT AREAL PREVIOUSLY ACCEPTED FROM JSC GREEN BOOK 

• MPTS 

• ATTITUDE CONTROl 

• SECONDARY STRUCTURE 

• ROTARY JOINT 

PURSUE GAAS ISSUES OF SUPPLY AND HIGHER CR's 
PURSUE KEY ISSUES 

• SILICON ANNEALING 

• COST DATA BASE 
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DECISION CRITERIA 

Obviously a full preliminary design of ti)e solar power salctlite is not possible will) Die available However, the available 

resources do permit In-depth explorations of those portions ot the design that significantly contribute to the uneertaintie^ of n. ass 
and cost 

As an example, previous work was hampered hy lack of a data base lor thiivlllm solar cells. Additional investigation revealed t!at 
at this time a data base on thin-lilm cells is not possible because the necessary inventions ami developed processes aren't he^‘ 
however, in other development work, the single-crystal silicon solar-ceit technology liad advanced to the point where I 2.5 percent 
efficiencies are being obtained with 50>im thick cells, and the COMSAT-invented techniijiie of texturing solar-cell surfaces turned 
out to improve hardness to radiation. 

Other sources of uncertainty, wliiJi resulted from design cf>rnplexity and analytical ilillicully. I* ** • likewise been resolvwd. The 
resulting array concept is me which is achievable wiili reasoiulde extiapolal/oii of file present slale^t-flie-arl . rather Itian rettuir- 
mg new invention. 
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Decision Criteria 




H DESIGN SELECTION RATIONALE 

- TIED TO STUDY PHASE OBJECTIVES 

- LIMITED BY RESOURCES 

H REDUCTION IN THE UNCERTAINTY OF 
SYSTEM MASS & COST REQUIRES; 

• REDUCTION OF TECHNICAL UNCERTAINTIES 
INTRODUCED BY; 

• LACK OF DATA BASE 

• DESIGN COMPLEXITY 

• ANALYTICAL DIFFICULTY 

• WITHIN REASONABLE PERFORMANCE BOUNDS 
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PART fJ INFORMATION UPDATES 

In an a<lvanang t>;chnological society there is a continuous increase in technology items Shown hea arc Vime of the areas that 
needed updates for the reference system selection. The charts following this will discuss the information uptlafcs in each area and 
show what effect, if any. that they have on the selected system. 
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Part II Information Updates 




• THIN FlUM REFLECTOR DEGRADATION 

• LOWER RADIATION DEGRADATION FOR 2 MIL MLICON CELLS 

• SOLAR CELL UPDATES 

• EFFICIENCIES 

• THIN FILM GALLIUM ARSENIDE BREAKTHROUGHS 

• ANNEALING UPDATE 


215 



D180«22876*7 


THIN FILM REFLECTOR DEGRADATION UPDATES 

Recent d4U. from test& at JPL. show \hu\ tliere is an insixnincant amount of thin film rcHcctor dctiradation in a radiation environ- 
ment simiJar to that in geosynchronous orhit This is j significant 4.tiangc from llic 30*^ UegraJjiion of reflectance that was used in 
thcCR I vsCR-2 trade 

The effect of this update on the CR- 1 vs CRO trade is also msignificant because the major portion of the performance degradation 
on the CR>2 system was due to the higher operating temperature not reflector degradation. The re (lector degradation has a 
secondary effect 

The lower degradation ot reflectance results in 3 loglier FOL operating temperature lor ilie sfjljr cells Tins resulted in an cUcctive 
concentration ratio of 1.36 instead of I .J I siiown at the end of Part I. 
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SPS-1S32 


Thin Film Reflector Degradation 


• LOWER DEGRADATION ON THIN FILM REFLECTORS 

• 0% vs. 30% PROJECTED FROM PROJECT ABLE DATA 


• EFFECT ON CR1-CR"2" TRADE 

• PART I CR^ - INCREASES TO CR^ - \3A 

• CR1 STILL APPEARS TO BE BEST CHOICE FOR SILICON 
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THIN CELLS EXHIBIT LOWER RADIATION DEGRADATION 

A significant update was received in the area of radiation degradation of silicon solar cells. It had been stated previously that 
thinner solar cells exhibited lower radiation degradation but no information was available to demonstrate the effect of solar cell 
thickness on degradation. 

Since we had gone to thinner solar cells (50 pm) to reduce system mass, it became necessary to ’'cinvestigate the area of solar cell 
radiation degradation. A plot was made of radiation degradation at various fluenccs as a function of solar cell thickness. TIim data 
was obtained from JPL's **So(ar Array Design Handbook.'* Tlic curves that were developed, when extrapolated to a 2 mil cell 
thickness, showed a significant reduction in radiation degradation. Information was also publislied by Solarex on the radiation 
degradation characteristics of “ULTRA-THIN** 2 mil cells, also shown on this chart. 

The effect of this data is that annealing, althougji still very advantageous, is not jscritn.al an issue us previously reported. 
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Thin Cells Exhibit Lower Radiation Degradation 


ELECTRON FLUENCE 



CELL THICKNESS ,t (MILS) 
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SOLAR CELL UPDATES 

Other solar cell updates were recognized in the areas of cell efTiciencies and in large grain growth on thin poiycrystulline gallium 
arsenide films. 

In silicon solar cells, an update was the achievement of 12.5 percent efficiency in 50 (2 mil) cells. Even though in our refer- 

ence system, we used a 2 mil cell with 15.75 percent efficiency, an efficiency of 18 percent is probable by 1985 for this solar cell. 

In gallium arsenide solar cells, John C. Fan of Ml Ps Lincoln Labs has achieved a 20.5 percent efficient iiomojunction solar ceil in 
AMI sunlight. He projects a 22 percent efficiency by optimi2ing the cell contacts. 

A 16.2 percent efficiency has been reported in JPL s AMOS (polycrystallinc) solar cell by Stim and Yeh. Lincoln Labs has also 
grown 23 pm diameter crystallites on films 2 pm thick by heating with a laser beam. 
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Solar Cell Updates 

■II -■ ■ ■ " III i-iiii « I moMMO 

• SOLAR CELL EFFICIENCIES 

• SILICON 

• 12.6% ACHIEVED FOR 2 MIL CELLS 

• GALLIUM ARSENIDE 

• 2aS% ACHIEVED IN HOMOJUNCTION CELLS 
• 22% PROJECTED WITH OPTIMIZED CONTACTS 

• 16.2% ACHIEVED IN SLICED POLYCRY8TALINE CELLS 

• THIN FILM GALLIUM ARSENIDE 

• LARGE GRAIN GROWTH FROM LASER RECRY8TALIZED POLYCRYSTALINE OaAt FILM 

• 25 Mm GRAIN DIAMETER ON 2 pm THICK FILMS 




221 


0180 * 22876-7 


ANNEAUNG UPDATES 

A technicaJ effort is being accomplished by Boeing and Simulation Physics. Inc. .mder Boeing subcontract to achieve a better 
annealing data base. This effort is in work at this tune and t)ie results will be made available after more work has been 
accomplished. 
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Annealing Updates 


• TECHNICAL EFFORT-ANNEALABILITY OF RADIATION DAMAGE IN SILICON SOLAR CELLS* 

• LASER ANNEALING 

• CONVENTIONAL SOLAR CELLS WITH ELECTROSTATICALLY BONDED 7070 GLASS COVERS 

• TITANIUM SILVER CONTACTS 

• DEEP JUNCTION SOLAR CELLS WITH ELECTROSTATICALLY BONDED COVERS 

• SO (un SOLAR CELLS WITHOUT COVERS 

• ELECTRON BEAM ANNEALING 

• SOLAR CELLS WITH 7S jan COVERS 


*SIMULATK)N PHYSICS, INCORPORATED (SPIRE), UNDER BOEING SUBCONTRACT 
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REDUCTION IN GALUUM REQUIRED FOR CR>2 PHOTOVOLTAIC SYSTEM 

Shown here is ihe possible reduction in tlie gulhum required for a photovoltaic SPS by increasing tlic CK^. A CK^ = 6.0 gallium 
requirement was calculated for a GaAs, CYLINDRICAL C'PC system. For this case approximately 450 MT/salcllite of gallium is 
required, so for a production of 4 salelhtes/year, 1800 MT/ycar ol gallium would be needed. 

Possible annual U.S galMuin production quantities are from ‘ Availability of (ialljum and Arsenic** by Dr. R. N. Anderson. A 
recovery of 30% of the gallium available I roin bauxite and coal fly-ash would supply the necessary amount of gallium for four 
SPS*s per year. 
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Reduction in Gallium Required 
for CR > 2 System 

SPS-t02B 


ANNUALLY AVAILABLE 
GALLIUM FROM UB. PRODUCTION 
OF ALUMINUM AND COAL 
FLY-ASH 
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PART II RFFERENCe SYSTEM ENERGY CONVERSION/SIZING 

These are the factors used in calculating the solar array power output. We start with iolar cells having 1 5.75 percent efficjency. 

To wc add a 10 percent improvement, which could be aciueved by any one of siweral means. For example. A. Meulenlwrg of 
COMSAT Laboratories estimates that the sawtooth cover that he invented will improve the eftlciency of solar cells by 8 to 1 2 
percent. 

The blanket factors of 0.9453 account for the power losses shown. The individual elements of the blanket factors will change, but 
the product will probably remain around 0.9453. 

Tnc summer solstice loss accounts for the 23.5 degrees miso.*ientation with respect to the Sun's rays. This loss could he avoided 
by having *he satellite oriented perpendicular to the ecliptic plane, but the cost in llmisters and propellants a*i|uircd for attitude 
control in tnat mode shows to no real advantage. 

The aphelion intensity factor accounts for the reduced solar intensity when the Lartli is at its aphelion, around the first purl of 
July. 

The temperature losses result from the solar cells operating between 36.5^' and rather than at the 2S^C* at which cell effi- 
ciency is commonly tested. 

The output is further reduced by 3 percent to account for radiation damage that cannot Ik removed hy inemial annealing. In past 
tests. 95 percent of the radiation damage in solar cells has been annealed out. even though the cells had not been designed for 
thermal annealing. There is no theoretical reason why all of the radiation damage In solar cells cannot be annealed out. annealing 
temperatures of around SOO^C being well below the 800^(' region where diffusion of impurities starts. On the other hand, the 
operating plan for the solar power satellite involves repeated annealings, which have not Ikcu attempted by anyone, as far us wc 
know. 

The ^pwer requirement of P.55 X 10^ watts was based on supplying 16.43 X 10^ watts to the slip rings and compensating for 
bus l-R losses. Another one percent was added to this power in the calculation of solar cell area to provide power regulation, 
auxiliary power, attitude ' ontrol and energy storage. 

The other items include the lost area factors consideud for each caw. Tins information was used in the fonmilatiun of final a*fer- 
ence system sizing. 
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Part II Reference 
System Energy Conversion/ Sizing 

■ I — mamsttfi 

sps-ieaa 

OUTPUT - W/M* 


• BASIC CELL PERFORMANCE • AMO-25°C (.1676) 213.1 

• 10% IMPROVED PERFORMANCE DUE TO TEXTURED COVERS (.1733) 2344 

• BLANKET FACTORS (.9463) 2214 

(STRING |2r. UV LOSSES, & MISMATCH) 

• SUMMER SOLSTICE COSINE LOSS (.9190) 2034 

• APHELION INTENSITY FACTOR (.9676) 1974 

• TEMPERATURE LOSSES (38.6®C 0 SUMMER SOLSTICE • C.9640) 198.0 

• 30 YEAR NON-ANNEALABLE RADIATION DEGRADATION (a970) 1824 

• POWER REQUIRED TO BUS (INCLUDES I^R LOSS) 17.68 (lO)^ WATTS 

• SOLAR CELL AREA (1% OVERSIZE FOR ENERGY STORAGE, ATTITUDE CONTROL 974 

REGULATION, AUX PWR & ANNEALING CAPABILITY) 

• ARRAY AREA (CELL, PANEL. STRING AND SEGMENT LOST AREAS) 1024 km^ 

• SATELLITE AREA (BEAM, CATENARY & ATTACHMENT LOST AREA FACTOR) 1124 km^ 



111 


‘ --::lval PA(;r: is 

POUR OUALIiY 


0180 * 22876*7 


PHOTOVOLTAIC REFERENCE CONFIGURATION 

This iJIustration shows the overall dimensions of the PliotovoUaic Reference SPS. U Is made up of 8 modules each S300 meters hy 
2680 meters. Each of the modules are made up of 32*660 meter square bays. When assembfed. the system will have an aspect 
ratio of four. 

The basic bay size has decreased from a 680 meter square to u 660 meter square to compensate for the revised solar celt area 
requirements and lost area factors. 
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Photovoltaic Reference Configuration 

- ■ ■ 



T 


5300 m 

I m 


256 BAYS 



1000 m 


21280 m 


h*—400m 



24080 m 


TOTAL SOLAR CELL AREA: 97 Km^ 
TOTAL ARRAY AREA: 102.51 Km^ 

TOTAL SATELLITE AREA: 11^78 Km^ 
OUTPUT: 16.43 GW MINIMUM. TO SUPRINGS 
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LOW-COST Ar^NEALABLE BLANKET STRUCTURE 

A silicon solar cell musl be provided with a cover to increase front-surface emittancc from around 0.25 to around 0.85. and to pro- 
tect the cell from low-energy proton irradiation. ( erium-dopcd borosilicate glass is a good cover material because it costs only a 
fraction of the best alternate, 7940 fused silica, matches the coefUcient of tlicrmal expansion of silicon, and yet resists darkening 
by ultraviolet light. Borosilicate glass can be electrostatically bonded to silicon to form a strong and permanent adhesivelcss joint. 
In ATS-6 flight tests the cells having integral 7070 borosilicate glass covers lost only 0.8 ± I . I pcavnt of their output because of 
ultraviolet degradation. These cells had no cover adhesive. Other cells having cell-to-cover adh< sives degraded twice as much. Jena 
Glaswerk Schott & Gen Inc., in West Germany expects to be able to manufacture 75 pm borosilicate glass slieetsone meter wide 
by several meters long. 

The cell cover is embossed during bonding with grooves wnich refract sunlight away from the grid lines and buses on the cell sur- 
face. COMSAT Labs expects an 8 to 12 percent increase in cell output from this feature in cell covers. 

Solar cells only 50 pm thick recently made by Solaa*x had an air-inass-zero efficiency of 1 2.5 percent without a back-surface field 
or anti-reflection treatment. Texturing the sun-facing surface makes the incoming liglit arrive al the back surface of the cell at an 
angle of over 31^. so the liglit rays that have not been absorbed are rellcctcd off the back surface with virtually no loss, the critical 
angle in a silicon-air junction being 1 5.3 degrees. This feature not only improves photon collection efficiency, when compared 
with thicker cells, by lengthening the light path in silicon for infrared photons, but also improves radiation resistance. Since all 
charge carriers are generated within 50 pm of the P-N junction which is 0.2 pm under the sun-facing surface, the cell can absorb 
radiation damage until the diffusion length in the hulk silicon is reduced to 50 pm by radiation-generated recombination centers. 

The cells are desigred with both P and N terminals brought to the backs of the cells. Tliis feature makes it possible to use simple 
50 pm silver-plated copper interconnections which are formed on the substrate glass. Complete panels arc assembled electrically 
by welding together the module-to-module interconnections. 

Glass was chosen for the substrate because it makes possible annealing out radiation damage by heating. With all glass-to-silicon 
bonds made by the electrostatic process there are no elements in the blanket which cannot withstand the 500^' annealing temper- 
ature which at present seems to be required. One researcher suggests that 500^' may not be needed for annealing out the radia- 
tion damage from solar-fla.e protons. However, his theory has not yet been eonfinned by experiment. 


ORIGINAL PAOB tb 
OK POOR QUAUTY 
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Low Cost Annealable Blanket Structure 


-GROOVES REFRACT LIGHT AROUND 
GRID FINGERS 
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PHOTOVOLTAIC REFERENCE CONFIGURATION. SOLAR ARRAY FUNDAMENTAL ELEMENT. "BLANKET PANEL ' 

This IS the basic panel adopted for design studies It I as a matrix of 252 volar cells, each 6 4 by 7 7 cm m si/e. connected in 
g;"-’ps of 14 cells in parallel by 18 cells in senes 1 lie cells arc cleclroslalicdlly bonded between two sheets ol horosilicafe glass. 
Spacing between celt and edge spacings are as shown Tabs are brought out at two edges ol the panel for electrically connecting 
panels in scries. Cells within the panel are interconnected by conducting elements printed on the glass substrate. 

Important panel requirements were these 

• The panel components and processes siiould be compatible with thermal annealing at 500^\ 

• Presence of charges: x change plasma during lon-enginc operation may necessitate insulating the electrical conductors on the 
panji. 

• The panel desi^ should be appropriate for the high-speed automatic assembly requir'd for making the some 78 million 
panels required for each satellite 

• Low weight and low cost arc impoilanl 

The glass-encapsulation technology, while not in use today, seems lo be achievable by 1085 Simulation Physics has made excel- 
lent electroslaljc bonds of covers to cells Scholl in West fiermany is making thin mivr(»scope slides Irom borr>silicafe glass The 
alternate panel design, using adhesives 'or bonding cells, covers and substrate, muy also be leasible by l‘)85 Today polyphenylene 
sultide adhesives can operate at 320^H and polyplK-nyl (piemxaliric adhesives arc good lor AIsfj stirnc ol our research 

suggests that a ternperalurc t)f ni<i> not he needed tor annealing ouf the cluster delects prodneed in srjlar ^ells by solar-tlare 

protons 
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Photovoltaic Reference Configuration 
Solar Array Fundamental Element 
“Blanket Panel” 
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PHOTOVOLTAIC REFERENCE CONFIGURATION-PANEL TO ARRAY ASSEMBLY 

Shown here is the way panels would be assembled to form larger elements of the solar array. TIte interconnecting tabs of one 
panel are welded to the tabs of the next panel in the string, and then the interconnections are covered with a tape that also carries 
structural tension between panels. After joining, tlie panels are accordion-folded into a compact package for transport to the low- 
Earthorbit assembly station. 

The 0.5 cm spacing between panels provides room for the welding electrodes, and also permits a*asonable tolerances in the large 
sheet of 75 pm glass that covers the cells and the 50 pm sheets of substrate glass. 


ORiaiNAC PAGE 16 
OP POOR QUALITY 
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Photovoltaic Reference 
Panel to Array Assembly 




SECT A-A 
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PHOTOVOLTAIC HEFERENCE-^SOLAR ARRAY ARRANGEMENT AND ATTACHMENT 

This illustration shows a typical 660 meter ba: and the method by which the solar cell blankets are supported within the bay. 

The solar array panels are supported by a main web support system which attaches to the satellite structure at 20 meter intervals 
around the perimeter of the 660 meter bay. Further web support is provided by the catenary. 

Thermal expansion and contraction are accommodated by use of a spring loaded pis 4 on cylinder that provides a constant force to 
the solar array support system. This arrangement also provides for a movement of up to 2 meters, in both x and y directions, 
which may occur due to LEO-GEO transter acceleration of I0“^g, 
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Photovoltaic Reference 
Solar Array Arrangement and Attachment 
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PHOTOVOLTAIC BLANKET WEIGHT BUILDUP 

The top of the chart shows the weights for the solar array blanket as reported at the time of the Part 1 final presentation. Hiese 
weights were based on a blanket having Kapton as a substrate. 

Our latest blanket design is compatible with thermal annealing of radiation damage. n*'?ulting in a significant reduction in array 
area and consequently array weight and cost. The annealable blanket has a SO iiw glass substrate, electrostatically bonded to the 
solar cells to avoid adhesives and plastics that can be degraded by thermal annealing. The silicon solar cells are 50 jam thick, and 
the cell covers are thick borosilicate glass, electrostatically bonded to the cells. Intea'onnections are printed on the sub- 

strate glass prior to bonding. 


ORIGINAL PAGE Ib 
OF POOR QUALrre 
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Photovoltaic Blanket Weight Buildups 


SPS-1012 




SIUCOW SOLA^ C£Lt BLANKET WEI 6 WT O PART I FINAL 


ITEM 


DENSITY 

THICKNESS 

AREA FACTOR 

WEIGHT 



(S.G.I ( 9 /m^/MIU 

(MILS) 



COVERS-FUSCD SlLIC•^ 

2:20 

56.88 

ZOO/3.00 

a966 

107.96/161.94 

CELLS-SILICOM 


Z36 

69.94 

4.00 

a068 

231.61 

INTE 9IC0NNECTS-C0PPE R 

Z94 

227.08 

aso 

a 2 oo 

2Z71 

SUPPORTING PILM-KAPTON* 

1.42 

38.07 

zoo 

asoo 

3Z46 \ 

ADHESIVE, cells TO FILM 

1.40 

35.66 

aso 

aooo 

16.G0 I 6 Z 66 

AOHESIVC. KAPTON TO KAPTON 

1.40 

35.66 

aso 

aeoo 

14Z2 J 

— 

2 MILS COVER 



THEORETICAL WEIGHT 

424.96/478.64 

SMIU 

4MIUCELL 



TOLERANCES 6 INSTALLATION (15 %) 

63.74 / 71.86 


1 

2 MILS BLANKET & 

ESTIMA TED ACTUAL WEIGHT 

48a7/5sa8 



INTERCONNECT 




AVAILABLE BLANKET • PART II MIDTERM 






OUVERS-FUSED SILICA 

Z 20 

56.88 

zo 

ii> 

167.64 

CELL5-SILI ‘K>N 


2 se 

50.94 

zo 

0.9607 

115.17 

INTERCONNECTS-COPPER 

8.04 

227.06 

.5 

0.100 

11S5 

SUBSTRATE-FUSED SILICA 

Z 20 

66.88 

ZO 

IS 

111.76 


7 MILS 

3 MILS COVER 

THEORETICAL PANEL WEIGHT 
TOLERANCES ALLOWANCE (5%) 

406.62 

20.30 


2 MILS CELL 





2 MILS SUBSTRATE A INTERCONNECTS 

ESTIMATED PANEL WEIGHT 
PANEL AREA FACTOR L9913) 

426.22 

422J51 





CELL AREA • 380.264 m^/BAY 

FANELAREA - 395.B43 m^/BAY 
ARRAY AREA - 400.434 m^/BAY 

SEGMENTS AREA FACTOR (.9972) 
JOINT/SUPPORT TAPES 
CATENARY SYSTEM 

421.33 

Z93 

2.52 

OHIGINAI 

OF KKiR 

NO. OF BAYS - 266 

ESTIMATED ARRAY WEIGHT 

426.78 


^AOE IS 
t, LITY 
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PHOTOVOLTAIC REFERENCE CONFIGURATION-POWER COLLECTION 

Long solar cell strings were adopted for (he reference configurafion (o pcmiii ^'cncrahng the required voltage, around 40 k V. 
directly from the solar array without intervening power electronics Tlu' siring length is around 5 I kni 

Current generated by the solar cells can he carried by conductors or by the solar wells themselves Hie eontlgurjlion sliown here 
uses the solar cells to the maximum possible « xtent for carrying the current It wilt be noted that no conductors are needed for 
bnnging in the current from the edges of the array, the solar-cell strings being arranged in loops which start from one center bus. 
loop around the edge of the array . and return to the other bus at the center ol the array. 

Solar array power is controlled by vacuum circuit breakers near the buses Voltage is contrr Med by turning groups ot strings on or 
off. depending on load requirements 

Two sections of the array provide the required voltage at the slip-rings using the slieet conductor voltage drop to achieve the 
requia*d voltage at the slip-rings. All solar cell strings are of the same design. 

Power source 'A' provides power directly to the tilth stage of the Klystron depressed collector Powet source provides power 
directly to the fourth stage of the Klystron depressed collector and to the M^fS dc uU woioerleis which supply all other Klystron 
element power requirements. 
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Photovoltaic Reference Power Collection 


RMWwar 
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ANTENNA SUPPORT AND MECHANICAL JOINT AND WEIGHTS 

The Antenn;j Support structua* and media meal rotary joint arc the structural iiitertaces between the baMc luitcllilc itnicturc and 
the antenna yoke structure while providimi tor the rotation nl the antenna. 

The bicctrical Slip Rin^ arc mounted at the center ol the mechanical rotary joint and pi ovule tor energy transfer across the rotat- 
ing connection. Flexible conductors provide for energy transfer across the elevation joint on the antenna yoke. 
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ROTARY JOINT AND MASS 

The diameter of the rotary joint which was first designed was 350 meters. Subsequent analysis of the silver acquired for the com 
silver sap ring showed that over 5% of the silver reserves (known and projected k was required for large slip rings. Ttic smaller 
design shown was developed to 1 ) reduce the required materuls. and 2) to tit into the launch vehicle payload envelope. This will 
enable earth fabrication and checkout of ilie electrical slip ring prior to taunci. 
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Electrical Rotary Joint and Mass 




8^f0l2 


ELECTRICAL ROTARY X>tNT MASS SUMMARY 


SLIP RINGS 


BRUSH ASSEMBLY 

- 1^0 kg 

FEEDERS 


STRUCTURAL SUPPORT 

- 900kg 

ASSY, ft IN8TL. HARDWARE 

- 200kg 

CONTINGENCY ALLOWANCE 

- 900kg 

TOTAL 

-19BO0kg 


K“C“H 1 

30CM < 


OCM 


\ 



TVP. 


VvCOIN SILVER 
> 90% A«, 10% Cu 




y 


SUP RINti _ 
(SEE DETAIL) 


X 



SPRING 

(STEEL) 


> INSULATOR 

(PORCELAIN) 


.BRUSH ASSY 


16.0M 


EACH BRUSH ASSY/SLIP RING 
INTERFACE LOCATION 
STAGGERED ON 


BRUSH AS^ 
INSTALLATION 
(SEE DETAIL 
AND TABLE ) 
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REFERENCE PHOTOVOLTAIC INSTRUMENTATION AND CONTROL SYSTEMS 


A preliminary Instrumentation and Control liNt was compiled for the power generation, distribution, and transmission systems. A 
summary of the number of items in each major category for the power generation and distribution systems is sliown. 


ORlGINAt; PAGE IS 
OP POOR QUALmr 
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Reference Photovoltaic 
Instrumentation and Controls 





CONTROLS 

INSTRUMENTATION 

POWER GENERATION 



POWER SECTORS 


1.162 

SOLAR ARRAY STRINGS 


36.224 

POWER DISTRIBUTION 



SWITCH GEAR 

420 

1.680 

MAIN BUS 


4 

ROTARY JOINT 

104 

148 

OC-DC CONVERTERS 


70 

TOTALS* 1 

624 

38.278 


OHliUNAL PAGR IS 
Of! PtWH QUALITY 


•DOES NOT INCLUDE STATIONKEEPINQ, HOUSEKEEPING, OR ENVIRONMENTAL CONTROL ANO 
MONITORING SYSTEMS. 
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PHOTOVOLTAIC REFERENCE-ATTITUDE CONTROL 

For an orientation perpendicular to the orbital plane the photovoltaic SPS attitude control equipment and propellant masses are 
listed along with the assumptions used in the calculations. A control authority margin of 20 percent was used in these calculations. 

It was noted that the chemical propulsion requirement during equinoctal occultations resulted in a small mass penalty. 
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Photovoltaic Reference 
Attitude Control 


THRUST PRODUCTION EQUIPMENT 
POWER PROCESSORS 
INSTALLATION HARDWARE 
NON REOCCURING TOTAL 
ANNUAL PROPELLANT (ARGON) . 
WEAR TOTAL 


23JMT 
SaO MT 
18.8 MT 

130.1 MT 

4a0 MT/YEAR 

178.1 MT 


ASSUMPTIONS: 

OPTIMIZED Isp ~ 20,000 SEC 

SINUSOIDAL DUTY CYCLE (50 MW PEAK, 32 MW AVG) 

PERFECT CONTROL LAWS (NO WASTED PROPELLANT) 

CHEMICAL PROPULSION FOR CONTROL IN EQUINOCTAL OCCULTATIONS 
(Igp 400 SEC REQUIRES 1.0 TO 1.5 MT/YEAR PROPELLANT) 
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ANNUAL POWER VARIATION 

The power output of a solar array depends on the intensity of illuminalion at the cells and the Ceinperuture of the cells, the 
maximum -power point of cells diminishing as the cells become hotter In geosynchronous orbit the temperature of the solar cell is 
related to the intensity of sunlight for any given panel configuration 

The sun is brightest at its perihelion, which occurs around winter solstice when the orientation of the array is such that the sun's 
rays arrive at 23.5 degrees oft of normal incidence. The worst-case illuinmatton is at summer solstice where the 23.5-tlcgree mison* 
entation is accompanied by aphelion where the intensity of sunlight is 0.9o7 ol average. However, the solar array temperature is 
also down, being 36.5^C rather than 46.0^C as at the spring and autumn equinoxes. 
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Annual Power Variation 




POWER AVAILABLE 
POWER REQUIRED 





INCLUDES: 

1. DISTANCE FROM SUN 

2. POP ORIENTATION CORRECTION 

3. SOLAR CELL THERMAL CORRECTION 


0 


"■ . r ' I » I I 1 — "" 1 

40 80 120 160 200 240 280 320 380 


DAYS FROM SPRING EQUINOX 
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PHOTOVOLTAIC REFERENCE CONFIGURATION NOMINAL MASS SUMMARY 

The structural mass difference from previous analysis reflects a change in Che structural ccncept and integration of the new sizing 
cnteria for the Photovoltaic reference SPS. An all tubular beam section is now being used instead of a flat-tape, diagonally- 
stabilized, beam section used previously. The secondary structure has been incorporated into the primary structure. Tlie bay size 
and member dimensions have been changed to be compatible with the new reference system. 

The mechanical systems mass is composed of the mechanical rotary joint. 

Investigation of the gravity-gradient torques and optimization of thrust l^p led to a decrease in control system mass. 

The mass of the solar cell blankets decreased due to a new blanket design consisting of 3.0 mil cover-glass, 2.0 mil silicon solar 
cells, and 2.0 mil silica substrate. Solar cell blanket decrease also resulted from lower radiation degradation of the 2.C mil silicon 
solar cells. 

The increase in power distribution system mass reflects a change from the no longitudinal bus bar configuration to no lateral bus 
bars and includes energy storage equipment. 

The increase in MPTS mass reflects the inclusion of energy storage for antenna systems. 

The growth used was 26.6% on the fina) configuration. This growth was the result of the uncertainty analysis that was performed. 


ORIGINAL PAGE tt* 
OF POOR QUALITY 
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Photovoltaic Reference Configuration 
Nominal Mass Summary 
Weight in Metric Tons 


CR-2 (10GWB.O.U CR-1 (10 GW MINIMUM/30 YRS) 


COMPONENT 

1.0 SOLAR ENERGY COLLECTION SYSTEM 

1.1 PRIMARY STRUCTURE 

1.2 SECONDARY STRUCTURE 

1.3 MECHANICAL SYSTEMS 

1.4 MAINTENANCE STATION 

1.6 CONTROL 

1.6 INSTRUMENTATION/ 
COMMUNICATIONS 


ORIENTATION 

MIDTERM 

PARTI 

PINAL 

PARTI 

FINAL 

PART II 
MIDTERM 

PART II 
FINAL 

06.616) 

(59.313) 

(49.512) 

(56.357) 

(56J84) 

51,782 

2,483 

14.970 

8.000 

2.334 

6t93 

5385 

189 

208 

209 

209 

- 

- 

40 

40 

40 

40 

67 

67 


160 178 


1.7 SOLAR^ELL BLANKETS 

2SJ4B 

37.592 

34,. 11 

51497 

47419 

43,750 

1.8 SOLAP CONCENTRATORS 

5.149 

2,978 

3,276 

- 

- 

- 

1.9 POWER CHSTRiBUTION 

2.570 

3.180 

3.532 

1.589 

2461 

2388 

MPT8 

15.371 

15.371 

15.371 

15471 

(24.384) 

25,212 

SUBTOTAL 

51,987 

74.684 

64.883 

71.728 

80.568 

76,994 

GROWTH (26.6 1L) 

25,994 

37.342 

32.442 

35.864 

20.142 

20480 

TOTAL 

77.981 

112.026 

87426 

107.592 

100.71 C 

97,474 


OiUClNAL PAGK Ife 

Ol boor quality 
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MA$$/SIZ£ UNCERTAINTY ANALYSIS 

An impontnt part of thii section of the study was to pumdt the rasufts of the uncertainty analysts that was performed on the 
reference photovotUic SPS. A p* ^ of the results of the uncertainty analysts on and mass is sivnwn. 

It should be noted that the reference pomt destgn had a rectenria output of 0,2 Gw instead ol the lO-Otiw ihaf tlu unverlam/y 
ellipses use. This was caused by a freene in the enerity tranimtssion power JV<ttnrenu*nis at ilie FZift II mid u^m. !u allow u more 
in-depth sizmg analysts of the energy conversion systems. AAef this was done, changes <KcurnHi in the trauMm>Mon system that 
iowes^d the rectenna output to 0,2 Gw, 

TKt mass growth uaed in final mass summary was the mass growth shown on tfv; uncertainty plot between the reference point 
design and the uirccrtainty anaiysis most probable mass point. 


ORKSNAL PAGE lb 
Of POOR QCAUtV 
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REFERENCE PHOTOVOLTAIC FINAL COST SUMMARY 

The cost analysts on the photovoltaic SPS used a parametric cost model (PCM) to project the theoretical first unit (TFU) cost. A 
mature industry projection was applied to the TFU along learning curves to estimate the system costs for the various schemes 
shown. 

The LEO construction advantage is readily seen along with the advantages of increased production rates. 
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Reference Photovoltaic Final Cost Summary 

■■ ■ ■■■ 


was 

NAME 

1 SPS PER YEAR 

4 SPS't PER YEAR ] 

LEO CONST. 

GEO CONST. 

LEO CO' ST. 

GEO CONST. 

A1 .01 .01.00 

MULTIPLEAX7MMON 
PROO.COSTISx 10^) 

897 

793 

760 

661 

A1.01.01.01 

J 

ENERGY COLLECTION 
N/A 

— 

— 

1 

— 


ENERGY CONVERSION 
PROD. COST ($x 1ir«) 

3731 

3688 

2783 

2686 

■ 

POWER DISTRIBUTION 
PROO.COSTiSx 10«) 

138 

133 

82 

79 

V - 

■ 

MPTS 

PROD. COST ($ X 10^) 

2676 

'2676 

1962 


SUB TOTAL ($ X 1b 

7442 

7190 

6687 

5378 

INSTALLATION COST ($ x 10^1 

7664 

10906 

5297 

7648 

TOTAL COST •<$ IIT®) 

14,996 

18,096 

10,884 

13,026 


•INTEREST NOT INCLUDED 
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SUMMARY 

Of the thermal encine systems studied, the putassium rankins is the lightest near-term technology SPS option. Our study results 
show it to be ligi ter. with this technology, than steam Rankine. helium Brayton or thermionic SPS systems. In the area of solar 
concentrators, we had prevunisty anticipated npproxiriiatcly 30% degradation irt the baselined 30 year life of the SPS. More recent 
data has however, indicated that little or no dcci.idation should b«' expected. Thsrefore, none has Ix'en baselined. An Investiga- 
tior. u( potential niatcrials for thermal engi’ic SPS u.sage has indicated that some of the best materials arc iu short supply. How- 
ever, suitable options exist and these have been baselined We have selected a turbine sir.ing of .32 megawatts. At this size, 576 tur- 
bines ate required for a 10 GW output SPS. Tlris tiirhi.ie size is approximately that of the SST engine partially developed by 
(General hlectric for the American SST program, and is appropriate to the national fabrication capability. By the use of relatively 
small heatpipes it has been possible to configurc a radiator system which is sufficiently immune to meteroid penetration. At the 
end of this study phase we indicate that the mass of the thermal engine SPS is approximately 80,000 metric t<ms and that the 
average cost for one SPS at a rate of four per year is approximately 18 billion dollars or 1 .800 dollars per kilowatt produced on the 
ground. 
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Summary 

— "■ ■■ I ■■■' " — ■ ■ ■ ■■ 4MMVMM9 


• THE K)TASS)UM RANKINE OFFERS THE LIGHTEST NEAR TERM 
THERMAL ENGINE SP8 


• A PASSIVE SOLAR CONCENTRATOR WITHOUT ANTICIPATED 
DEGRADATION HAS BEEN BASELINED 


• PROVEN. AVAILABLE MATERIALS ARE USED. 


• A TURBINE SIZING OF 32 MW OUTPUT PERMITS MANUFACTURE 
BY ONLY A MODESTLY EXPANDED INDUSTRY. 


• A HEAT PIPE RADIATOR SYSTEM HAS ADEQUATE METEOROID 
RESISTANCE 


• THE SATELLITE MASS IS APPROXIMATELY 80,000 METRIC TONS 


• THE SATELLITE COST FOR112 UNITS IS ABOUT $ 18B EACH 
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A RANGE OF THERMAL CONVERSION SYSTEMS WAS INVESTIGATED 

The steam rankine SPS would In* an extremely heavy option This is primarily because the nuixiimim turbine inlet temperature is 
in the neighborhood of 1.000 to 1 .100 degrees FureiiheiC and the heat rejection temperature is near the condensation point of 
water. Consequently, the earn o I efficiency is low and the re ah/ able efficiency is even lower Therm ionic «;> sterns are also very 
heavy This is becau.»j »ne mi ionic diodes and tlic inlereleclrode busbars re(|uireii to conucct them aie fvavy aiu! the radiator 
system required for excess heal rejection from the thennionic diodes is also tpiite heavy Ti\e Bray ton SPS i.e. a helium closed 
cycle system, is a near con. petitor to the potassium Rankine system However, it is only competiliVi in mass with ve»*y high tur- 
bine inlet temperatures, in *hi* vicinity of l.bOO K i : J.SOO^U*. fhis turbine inlet l inperature is only acliicwibie with ceramic 
materials such as silicon carbide. This material is now iii development but is not coiiMdered to be appropriate lor baseline SPS use. 
We have emphasized the potassium Rankine SPS m Part It of this study and details ol tlie results aie concUuled in the remainder of 
this presentation 


262 




D 180-22876-7 


A Range of 

Thermal Conversion Systems Was Investigated 


STEAM RANKINE 


EXTREMELY HEAVY 


THERMIONICS 


VERY HEAVY 


BRAYTON 


BEST WITH ADVANCED TECHNOLOGY 


POTASSIUM RANKINE 


EMPHASIZED 
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TtUINOLOGY TKl NIiS 

In Pjri I ft this study we put pnf»i.»r> en.pli.jsis r>n Ihi* hjsed helunn Br,i>lnn svsf; ni wtih vei^ tueli ttirhmc inlet tempcni- 

tures achieved by the use ol cerymiL turhmes Also dunne P.iit ( we were siudym^' pot-isMum r.mknn* stejiii rjiikme Jiul llicrm' 
lome systetns Jhe t>r>tyssium Kyukme sy^Ten) vs.is seen .is the ilosest soiup' liloi !r> the Buyloii However, it was not until near 
EfiC end ol the Part 1 study tlut tlir Eempefuture optitm/.diun f)t the potussmiPi rjnku;t sysls w.is eninpleteil When the opi,' 
mum cycle temperature ratio was idenlilied it was found that the potassium r.mkme system was hi.»hler than tire Brjy ton SPSeven 
With reialivelv modest turbine inlet lernperatu/e^ loi tlie Kankine SPS ImesfiLMEMui ol afipropnate in ilerials lor the potassium 
ramsine SPS led to llie selection ot a turbme inlet lemperatnir of I.J4J K t ) 
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Technology Trends 


lOM/Ma 


sps-ifioa 


STUDY PART 1 

SYSTEMS WITH HIGH TECHNOLOGY: 

• TURBINE INLET TEMPERATURES TO 1650K I2610OF) 

• SILICON CARBIDE TURBINE ASSEMBLIES 


STUDY PART 2 

SYSTEMS WITH LESS ADVANCED TECHNOLOGY: 

• TURBINE INLET TEMPERATURES TO 1242K |1776®F) 

• NIOBIUM/MOLYBOENUM TURBINE ASSEMBLIES 

DUE TO INCORPORATION OF POTASSIUM RANKINE SYSTEM 
WITH PROPER CYCLE TEMPERATURE RATIO, PART 2 
SYSTEMS ARE LIGHTER THAN PART 1 
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REFERENCE RANKINE SPS DESIGN 


A plan view of the thermal engine SPS is shown. This satellite has two 5 GW output reciennas located on the north-south axis of 
the satellite* The satellite is divided into 16 modules e ich of wliieh has 36 turbogenerators, for a total of 576 per SPS. The satel- 
lite flies in a perpendicular-to-ecliptic plane orientation at all times. 
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SPS'lSOS 



GROUND OUTPUT: MJNIMUM 
OF 10 GW (TWO ANTENNAS) 

POTASSIUM RANKINE 
TURBINES (576/SPS) 

16 MODULES 

"P.E.P." ORIENTATION 

CONCENTRATOR AREA: 119 km^ 


SYSTEM MASS 
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RANKINE CYCLE SCHEMATIC ^ 

The working fluid in the potassium rankinc loop is potassium vapor in a portion of the loop and liquid polasKtum in the remainder. 

Liquid potassium is inti od need into the heat absorber tubes of the boiler located w thin the high temperature cavity absorber. 

Soiling produces potassium vapor which passes th rough ^lic turbine and docs the work of turning tf)e gt^nerator which produces 
the useful power required for the SPS microwave transmitter and the power aH|Uimd to drive the ekctromagneiic pump. Potav 
<^ium vapor leaving the turbine is cooled by the expansion in the turbine It is intnxluced into the radiator system where it flows 
through the vapor manifold into potassium throughpipes which are ciK>led by siHlium heat pi|X*s C ondensation occurs in the 
throughpipes so that liquid potassium is collected in the radiator outlet manifold and flows to t* c c tec trmn ague tic pump. 
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DATA BASE DRAWS HEAVILY ON DEMONSTRATED TECHNOLOGY 

The General Electrk: Corporation, our lubcontryctor for Rankinc turbine^, produced Che djta ahowii oti Chitcliart. We have 
lined a turbine efficiency of 80%. This wa% demonstrated m tests in the lute I9f>0\ at the uewis Keicarcli Center. The KOV fiiurc 
is probably quite conservative for large potassium turNhes. In tlic area uferrosion control three promiitng methods were demon* 
strated in the Lewis test. A total of nearly HOO.OOO hours of testing was accumulated relative to p<itassium systems. Note that this 
includes a total of more than 10.000 hours of running tests on turbines amil more Ilian 10.000 hours of electromagnetic feed pump 
testing. 
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Data Base Draws Heavily 
on Demonstrated Technology 
(General Electric Data) 

TURBINE iFFICIENCY: Km;UReTEtTB 

EROSION CONTROL: THREE METHODS DEMONSTRATED 
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MATERIAL AVAILABILITY 

The abundance data given on this ch rt were drawn I'roni Department of Interior piibliculiomi for 197.1. Hie find of the general 
rules shown states that since solar power satellites will not be available in large t|uanlities until after the year 2000 it appropriate 
(hat we baseline materiaK that will still be surficiently abundant in that time ivricxr Our huscline SPS cjuantily for this study waa 
1 12 units, probably sufficient for U.S. electrical needs in the early pari of the 2t century. However, moiv units may ultimately he 
required for the United States, and up to a 1000 units or more for the world. Tlicrcforc. it is probably appropriate that wc do not 
bast line for SPS use a material such that 1 12 satellites would ust^ over 5'^ of any world material rcMHirce. Rule 3 tends to mini* 
mize the impact of SPS incorporation and the concomitant industrialization required. Turbine wheels and blades for potauium 
Rankine turbines art baselined as using molybdenum, a wrought material. Silicon carbide could also hi* used, however, this 
malenal is in its very early development stage and its probably too advanced to bau*line Turbine housing materials must be ductal 
and weldable. Tantalum alloys would be ideal, however world resources are not adequate. Therefore, wc have selected niobium, 
also called columbium, for the baseline material. ( woi Id be an ideal rankine cycle working HuiU. It would result In the 
turbines having fewer stages and a smaller disc diameter. However, the supplies of cesium art clearly not adequate for large scale 
SPS usage. Potassium, an abundant material has been baselined. 
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GENERAL RULES: 


Material Availability 


MATERIAL TO DE PREDICTED TO BE "SUFFICIENTLY ABUNDANT" IN 2020. 
SPS TO NOT USE OVER 5% OF WORLD RESOURCES OF ANY MATERIAL 
CURRENT WORkD PRODUCTION RATE ADEQUATE FOR ONE SPS/YEAR 


• TURBINE WHEEL/BLAOE MATERIAL <NEI 
(WROUGHT MATERIAL) 

material STAILOEABl 

MOLYBDENUM (TZM) DEVELOPED 

SILICON CARBIDE EARLY TEST 


(NEED « eOOO MT/8PS) 


29.000.000 
VERY ABUNDANT 


91.000 

VERY SMALL 


TURBINE HOUSING MATERlAiyBOILER TUBES (NEED 4000 TO 7000 MT/BPS) 
(WELDABLE DUCTILE MATERIAL) 

mism, HAIiatABT WOBLPnEtQUaCgMIi 

TANTALLUM(TIII) DEVELOPED 100.000 

NIOBIUM (C103) DEVELOPED 17.000.000 

SILICON CARBILE EARLY TEST VERY ABUNDANT 


RANKINE CYCLE WORKING FLUID 

MATSaiAk STATE OF ART 

CESIUM DEVELOPED 

POTASSIUM DEVELOPED 


100,000 

> 10 * 


PERHAPS 1,000 
ABOUT 20,000 
VERY SMALL 


10,000,000 


•MT« METRIC TON/8PS 
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MODULESCONSISTOF CONCENTRATOR AND FOCAL POINT ASSEMBLIES 

Thi; soldt umct?nirutor made up of a structural system sup}H>rttng a large mtmher orptaMic fiim reflector t'acets anti h a segment 
ot d sphere. The reHected light is toncentrated into the local point assembly which mounts to the concentrator by four cavity 
support amts. These arms arc made up ol graphite cpo)ip lube Si'ctioin I'orming a 20 meter beam. The thruster systems rci|uia*U 
for self power transport to geosynchronous orbit in the LtO construction option are located at the Jt points shown. 
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Modules Consist of Concentrator 
& Focal Point Assemblies 


rjrjvMW 



0> LOCATION OF ORBIT TRANSFER SYSTEM FOR SELF POWER 
(LOAD CONDITION IS 1x10** g ORBIT TRANSFER) 
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CONCENTRATOR FRAME ELEMENT 


The concentrator structure which supports the rellcctor taccts is made up of a large mimher ol tctrahalrul elements which are in 
turn composed of a number of tapered graphite epoxy lubes, jointed us shown. I he graphite epoxy tubes can be nested to provide 
a high density payload for transportation. 
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CONCENTRATOR FRAME 

This is y pitoto of a "Toodipick Motk’l" of a portion ol the concentrator frante. It is seen that Utis strucUire is composed of 
repetitive tetrahedrons. A curved surface is required. This is formed h. • ing the lower memhers of any tetrahedron larger than 
the upper members of the adjacent tetrahedron so that a bidirectional arvature is produced. 
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Facet Support Structure 



SPS 12B6 


(TOOTHPICK MODEL) 



REPRESENTS 3SM LONG 
TAPERED GRAPHITE/EPOXY 
TUBE 


LOWER LEVEL MEMBER 


DIAGONAL 

(BETWEEN 

LEVELS) 
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REFLECTOR FACET 

The reflector facets are hexagons of thin aluminized Kapton. Tlic Katpon is 3 micrometers thick. It is tensioned by 3 rigid 
end members, pulled outward by bridles. Tliis tensioning system causes the three edge members to he coplanur. so that a flat 
reflector is produced. The rocker arm and spring canister systems which pull outward on the bridle arc mounted to the concen 
trator frame. A “scallop” at the three free edges of the facet controls wrinkling at the facet edges. 
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KfcFLECTOR FACET MOUNTING 

The three bridles of the refleeior lueet are attaclied to the rocker arms \\lnch mount to the midpoint ot the concentrator tube 
structural elements. The spnngs. contained in canisters, provide the pull that causes the rocker ann to tension the plastic filir 
Note then that the facet !s mounted directly to ihe concentrator support structure and does not include radial ami and a luih 
system as shown in Pan I of this study. 
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Reflector Facet Mounting 
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PLASTIC FILM FOR FACET 

pbstic film mafcrial aluniini/ed Kaptun. DuPont (orporution. the inamihiclurcr ol* KaptoiK believer that .1 tliicknm 
■ 3 micromclcM is producible b> nearly standard roll methods and will dcmunstrule this in tests in late 1977. Data trom project 
.BM* has shown a potential degradation of refleiioi film specular perlorniance of approximately 30 'a due to th^* i.Uiiition 
encountered, first in a self-power transler from low orbit to high orbit, and them vV) years of operation in geosyucUronou* orbit. 
Tests pcrfomied for the solar sail program at the Jet Propulsion Laboratory have iiulicated however that this degradation mode 
will probably not occur, and that the degradation previously seen ^ an artifact of the test method itself. We consci|uently do not 
forecast radiation degradation. We do anticipate approximately 2.25 'a degradation due to melcrroid impaett m 30 years of 
reflector film operation. Our reflectivity baseline is .90 for a reflector cone angle of ,22 degrees. This is relatively conservaiivei/ 
selected since even higher reflectivities are probuhly achievable. 
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Plastic Film For Facet 


S^IIO* 



• BASE LINE MATERIAL IS ALUMINIZED KAPTON, 

3uM (0.000ir) THICK. 

• OmPONT believes 2(iM IS ROLLABLE. 

• BASED OTJ PROJECT ABLE TEST DATA, 

30% DEGRADATION OF SPECULAR REFLECTIVITY 
HAD BEEN PREDICTED. 

PROJECT ABLE TEST WAS WITH MONO- 
ENERGETIC PROTONS AT VERY HIGH 
DOSE RATES. 

• SOLAR SAIL WORK AT JPL INDICATES THAT THE 
THRESHOLD OF MECHANICAL AND REFLECTANCE 
DEGRADATION FOR KAPTON IS AT - 8x1010 RADS. 

THE SPS DOSE, INCLUDING SELF POWER TRANSFER, 

WILL BE - 10* RADS. 

• HENCE NO RADIATION DEGRADATION IS NOW FORECAST. 

• 0.M REFLECTIVITY IS BASELINED BASED ON BOEING ENG. It CONCT. 
DIV. TESTS. 0.B4 IS PROBABLY ACHIEVABLE WITH 100 A SILVER 
OVERCOAT ON ALUMINUM. 
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C AVITY k COMPOUND PARABOLIC CONCENTRATOR 

hach oi Che U> modules of t!ic thermal engine SPS is equipped with the assembly shown at its local point. Kcflectcd sunlight 
from the reflector facets enters the ('K' at its aperture and by reflections reaches the cavity absorber which contains the boiler 
tubes for the thermal engine. The (TC is made up of a framework supporting a single layer of molybdenum foil. A a^flectivity 
of .8 is baselined for this foil due to the use of a rhenium reflectivr coating. The walls of the cavity absorber are composed ol a 
framework system supporting 5 layers of molybdenum multifoil Selection of the number of layers was based on a mass opti* 
miration trade. Heavy cavity walls leak *'elatively little energy to space and therefore require somewhat smaller concentrators. 
Thin walls are lighter but require larger solar concentrators. Five layers is approximately optimum. The purpou* of the CPC' is 
to allow a relatively large reflector facet image to fit within the uperature: also the large aperture of the CPC accommodates 
satellite pointing errors and some distortion in the framework in the solar concentrator. 
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Cpr aperture door 

This door assembly allows a variation in turbine output r '>wer while niuintuining a constant orientation with respect to the sun. 
The door it composed of molybdenum toil panels mounted on cables driven by pt ^ley assemblies attaclied to the cavity support 
arm frame. The doors are shown in the open position. Hie rcheniuni rellective coating on the doors is used to maintain u low 
tempeinture for the door panels when they arc fully closed and exposed to the lull output of the solar concentrator asieinhiy. 
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CPC Aperture “Door” Maintains Correct Cavity 
Temperature Despite Varying Power Output 
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DOOR MATERIAL IS MOLYBDENUM 
FOIL WITH RHENIUM REFLECTIVE COAT 
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FOCAL POINT ASSEMBLY 

The primary' equipment of the focal point assembly is shown. Tlie cavity absorber assembly and CPC are supported by u steel 
trring framework system. A ver ical steel tubing framework system. A vertical stec! tubing framework member on eacli side of 
the cavity supports the turbogenerator assemblies. 18 turbogenerators are mounled on each side of the cavity. One radiator 
assembly is provided per tuxbogencrator and extends directly outward, cither to left or right, from that turbogenerator. The 
radiator assembly which cools the generator is mounted above the cavity. 


2Q0 





DISO-2287^-7 


SYSTEM FLOV ' SCHEMATIC 

Liquid potassium from the eleclromngnelic pump enters the boiler lubes which arc located within the high temperature cavity 
assembly. Vapor trom the )>oiler enters the double ended turbine and is exhausted into a single tapering rndiatoi vapor duct. 

Some pertinent parametvis lor various points arouiui the clow loop arc given at the bottom ol the chart. Note thaf while the vapor 
duct IS relatively large in diameter, fite pressures arc cpiite low . 
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System Flow Schematic 
(Not to Scale) 
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ZERO ”G" 2-PHASE FLOW 


while there are certain advantages To recirculation type boilers operating under gravity conditions, 

ZERO gravity conditions FAVOR THE USE OF ONCE-THROUGH BOILING AND DELIVERY OF DRY, SLIGHTLY SUPER- 
HEATED VAPOR. 

THE condensation OF LIQUID IN THE TURBINE DURING EXTRACTION OF HEAT FROM THE VAPOR IS A SPECIAL CASE 
INVOLVING MEED FOR LIQUID EXTRACTION DEVICES TO CONTROL DROPLET EROSION DAMAGE. IT IS CONSIDERED 
SEPARATELY, ELSEWHERE. 

IN THE CONDENSER, LIQUID IS SWEPT AIX)NG THE INSIDE LENGTH OF THE TUBES BY THE MUCH HIGHER VELOCITY OF 
THE VAPOR. THE TUBE MIGHT BE TAPERED ALONG ITS LENGTH TO MAINTAIN HIGH VAPOR VELOCITY, BUT THIS IS NOT 
NECESSARY. S. SAWOCHKA, NEAR THE 1965 TIME PERIOD, CONDUCTED EXPERIMENTS ON UPWARD FLOW CONDENSATION 
OF POTASSIUM IN VERTICAL, CONSTANT DIAMETER TUBES; THE PERFORMANCE OF THESE CONDENSER TUBES WAS NOT 
ADVERSELY EFFECTED BY A 1 "G" FORCE ACTING TO RESTRICT SWEEPING OF LIQUID CONDENSATE BY THE HIGH 
VELOCITY VAPOR. 

POSSIBLE THERMAL FATIdJE CRACKING IN CONDENSERS UNDER 2-PHASE FLOW HAS BEEN CONSIDERED. IN AIR-COOLED 
METAL VAPOR CONDENSERS FOR LAND BASED APPLICATIONS, THE POOR AIR-SIDE HEAT TRANSFER COEFFICIENTS CON- 
TROLLED HEAT TRANSFER; THUS THE ALTERNATE PRESENCE OF EITHER A LIQUID OR A VAPOR PHASE AT A GIVEN POINT 
ON THE CONDENSER TENDED TO CAUSE THERMAL FLUCTUATIONS AND POSSIBLE THERMAL FATIGUE. THIS POSSIBILITY 
OCCURRED SINCE THE HOT SIDE HEAT TRANSFER FILM COEFFICIENTS VARIED APPRECIABLY IN THE PRESENCE OF A LIQUID 
OR A VAPOR PHASE. IN THE SPS A HIGH HEAT TRANSFER FILM COEFFICIENT ON THE COLD SIDE OF THE CONDENSER 
TUBE WILL CONTROL THE METAL TEMPERATURE AND PREVENT SUCH ABRUPT THERMAL FLUCTUATIONS. 


DURING PRIOR RANKINE CYCLE SPACE POWER SYSTEM STUDIES, THE PROBLEMS OF 2-PHASE FLOW WERE RECOGNIZED 
AND PLAUSIBLE SOLUTIONS AND REASONABLE APPROACHES TO THESE SOLUTIONS WERE PROPOSED. 
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GENERAL 

ELECTRIC 


ZERO 2-FHASE FLOW 



•paoci cMvMcn 


BOILER 

• ONCE'THROUGH BOILING HEAT TRANSFER DEMONSTRATED 

• BOILER VAPOR OUTPUT IS IN THE SUPERHEAT REGIME 

• NO LIQUID PHASE EXPECTED FROM BOILER 


TURBINE 

• LIQUID EXTRACTION METHODS USED: 

— TO REMOVE LIQUID 
' TO CONTROL DROPLET EROSION 


CONDENSER 

• HIGH VAPOR VELOCITY SWEEPS LIQUID PHASE 

• 1 "G** UPWARD CONDENSER FLOW AND LIQUID REMOVAL DEMONSTRATED EXPERIMENTALLY 
t TAPERED CONDENSER TUBES OPTIONAL 

— TO MAINTAIN VAPOR VELOCITY 
— NOT NEEDED FOR LIQUID SWEEPING 

PUMPS 

• SUBCnOLING OF LIQUID TO PUMP 

— ASSURES LIQUID PHASE 
— P'>EVENrS PUMP CAVITATION 


295 



D 1 80-22876-7 

ELECTF.OMAGNETIC BMI.ER >EED PUMPS 


ELECTRCMAGNETIC (EM) PUMPS HAVE BEEN USE1 EXTENSIVELY IN THE PUMPING OF LIQUID METALS. THEY HAVE THE 
ADVANTAGES OF ABSENCE OF SEALS AND BEARINGS, OPEF' TING RELIABILITY AND REDUCED MAINTENANCE REQUIREMENTS. 

FOR THE RANKINE CYCLE SPACE POWER PROGRAM, A LIGHT WEIGHT (425 LBS.) ZLFCTROMAGNETIC BOILER FEED PUMP, 
CAPABLE OF OPERATING AT A LIQUID METAL TEMPERATURE UP TO 1400*F, WAS DESIGNED, B JILT AND TESTED FOR 
10,000 HOURS. IT PUMPED lOOO'F POTASSIUM AT FLOW OATES UP TO 3.25 LB/SEC AT A DEVELOPED HEAD OP 240 PSI, 
A NPSH or 7 PSI AND AN EFFICIENCY OF J6.5X. THE PUMP FEATURED A T-111 ALLOY HELICAL PUMP DUCT AND A 
HIGH 'TMPEkATURE STATOR WITH A 1000“F MAXIMUM OPERATING TEMPERATURE; THE STATOR .MATERIALS CO.ISISTED OF 
HIPERCO 27 MAGNETIC LAMINATIONS, 99X ALUMIN.I SLOT INSULATORS, TYPE "S" GLASS TAPE INTERWIND^NG INSULA- 
TION AND NICKEL-CLAD SILVER CONDUCTORS JOINEU BY BRAZING IN THE END TURNS. PUMT WINDINGS COOLED 

BY LIQUID NaK AT 800-900*F. 

UiRGr. SIZE ANNULAR LINEAR EM PUMPS ARE UNDER DEVELOPMENT FOR THE LIQUID METAL FAST BREEDER REACTOR. 

A 14.500 GPM (1502 LB/SEC) PUMP HAS BEEN BUILT AND IS AWAITING TEST; PUMPS OF LARGER SIZES HAVE BEEN 
CONSIDERED IN THE RANGE OF 30,000; 70,000; 80,000 AND 130,000 GPM (3108;7573; 8289 AND 13,470 cB/SEC) . 
WEIIHT AND COST ESTIMATES FOR COMMERCIAL LAND B.\SED VERSIONS OF THESE PUMPS HAVE BEEN INITIATED. WHILE 
THESE PUMPS WERE DESIGNED FOR HANDLING SODIUM AT ABOUT 858*F, THEIR DEVELOPMENT INDICATES PUMP SCALE-UP 
EXPERIENCE WELL ABOVE THAT OF THE EARLIER HIGHER TEMPERATURE BOILER FEED PUMPS FOR RANKINE SPACE POWER 
SYSTEMS. 

SINCE THE DESIGN TECHNOLOGY FOR EM PUMPS IS WELl .-DEVELOPED AND RELATIVELY lARGE PU?3>S HAVE BEEN BUILT, 

TEE DESIGN AND PRODUCTION CF PUMPS OF THE REQUIRED SIZE AND OPERATING CHARACTERIST XS FOR THE SPS SHOULD 
8E A STRAIGHTFORWARD ENGINEERING PROBLEM. TliE USE OF HIGHER PUMP VOLTAGES AND IMFROVED HIGH TEMPERATURE 
ELECTRICAJ. INSULATION, MAGNETIC /\KD CONDUCTOR MATERIALS WILL BE REQUIRED UTILIZING r'.PERIENCE GAINED IN 
THE CESIGU AND TEST OF THE 1400’1 BOILER *^EFD EM PUMP. 

PUMPING AT LOW NPSH HAS BEEN DEMONSTRATED AND AVOIDANCE OF CAVITATION IN THESE PUMPS CAN BE CIRCUMVENTED 
BY (1) SUBCOOLING OF THE CONDENSED POTASSIUM TO MINIMIZE POSSIBILITY OF CAVITATION (ONLY VERY LOW ENERGY 
LOSSES ARE INVOLVED), (2) MINIMIZING CONDENSATE RETURN LINE PRESSURE LOSSES AND (3) RELIANCE UPON THE 
DYNAMIC PRESSURE HEAD OF THE HIGH VELOCITY CONDENSING POTASSIUM VAPOR TO HELP SUPPORT THE MINIMUM NPSH 
REQUIRED TO PREVENT CAVITATION. 



Electromagnetic Pumps 



• NO MOVING PARTS 

• NO RUBBING SE ALS 

• REI.ATIVELY HEAVY (APPROXIMATELY 100 TIMES HEAVIER THAN MECHANICAL! 

• RELATIVELY LOW EFFICIENCY (17% VS. 80%, MECHANICAL) 

• GOOD DATA BASE 


• 10.000 TEST HOURS 

• 17% EFFICIENCY 

• UP lO 1033 K (1400°F! 
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ALKALI METAL VAPOR TURBIHB 

THE CONCEPTUAL DESIGN OF THE 31.7 MWa, FIVE STAGE, DOUBLE FLOW ALKALI HETAL VAPOR TURBINE 
IS BASED OK TECHNOLOGY DEVELOPED FOR SMALLER SCALE SPACE POWER TURBINES. 

IT FEATURES HYDRODYNAMIC LUBRICATED LIQUID METAL PIVOTED PAD JOURNAL AMD THRUST < AK^rGS. IN 
ADDITION, THE TURBINE SHAFT LEADING TO THE CENERATO» •■r«'LD FEATURE AN ESSENTIALLI . SRO LEAXACB 
POTASSIUM SEAL OF A TYPE ON WHICH EXPERIMENTAL TESTING HAS BEEN ACCONPLISHEOi IN SMALLER SCALE 
SEAL TESTS OVER 100 HOURS IN DURATION, IT WAS ESTIMATED THAT THE LEAKAGE CP POTASSIUM WOULD 
NOT BE OF ENGINEERING SIGNIFICANCE IN OVER 10,000 HOURS OPERATION. 

LIQUID EXTRACTION DEVICES, AS SHOWN IN DETAIL ON OTHER PACKS, CAN BE INCORPORATED IN THE DESIGN 
USING VANE TRAILING EDGE DROPLET EXTRACTION OR TRAILING EDGE TURBINE ROTOR DROPLET EXTRACTION. 

THE SELECTION OF THE SUGGESTED MODULAR SIZE PROVIDES A NOMINAL POINT IN THE DESIGN. PRODUCTION 
AND TEST OF THE ALKALI METAL VAPOR TURBINES NEEDED FOR RANKINE CYCLE SOLAR POWER SATELLITES. 
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GENERAL 

ELECTRIC 


KUM.i •■'J.iAi. r;i»hi*.f. 
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GENERATORS 

Luch p(»lassium Rankmc turbine turns a jsencrJtoi as shown heir Miese j^enerafois (irotfiu e eifher 4 1 .000 or .b;,0(K) volts tineit 
runcni as rc(.|uirotl by the mKrowave tiai urn liters The K‘’uerjifors are oil cooleil iisiiiy tof>fant pjssa^rs^ thtoneh both fhe lolor 
ami starter. Aitliou^h they are quite etli^ieMt the nvneralors imisi i!issip*ile waste heat at sueh a rate that (hen own stirOKe area is 
not sullKient lor tins ttisapatioii tlieretore exiciiial radiators are useil A hit^h s<)(>pei teaqieratuie is avlvanta^teous to reifiice fhe 
area and mass of these radiators 
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TURBOGENERATOR PALLETS 


These pallets mount one turbine, one e^ nerulor and elcetrouMijnetK pump and an associated auxiliaries. The slrueture <it this 
pallet is designed to allow launching v\ the unit preasse*mbled iJiat is at least a 5 g aeeeleralion capability is rcquireiL 
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PRIMARY RADIATOR SYSTEM 

Shown htre is ;j segment of the ruJi;ilor foi one gene ni lor A v.ipor Ou; t is .tt the lop jiuJ the InpiuJ return iluU is ;il the hot loin. 
The heat ript‘ panels with their throughpipcs pass between the ducts Also shown are the triple layers o* meteoroid bumper 
installed on the ducting A: the lower lett is a detail ot the throughpipes and the wraparound soiliiirn heal pipes. Tliese sodium 
heat pipes are spaced apart sueh that their scnteriines are \ h ilianieters I rum eacii otlie?^. I ius sp.ieing is a optimum compiomiss* 
between greater spaemg. which would improve heal radiation, and reduced spacing winch would reduce rnaiiitoki mass by 
requiring fewer through pipes. On tlie ngiit is a cross section through two uhacenf radiator systems showing how the vapor ducts 
share common meteoroid protection systems tor a reduction in bum (Hr nia'ss 


M ♦ 
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RADIATOR MASS 

A breakdown is given here of the radiator mass elements per engine and for the entire SPS Note that the heat pipes and the 
potassium for the fill of the radiator systems dominates this mass statement. The heat pipe sheel thickness is driven by meteoroid 
protection requirements a 'd is such as to allow approximately \iy/< of the heat pipes to be penetrated and tlicreby made inoper- 
able in 30 years of geosynchronous operation. Because the heat pipes wraji the Ihroughpipcs they provide significant throughpipe 
protection, however, approximately y.f ol the through pipes can be expected to be holed in 30 years of operation. The raidator is 
consequently oversized by 13 percent. 
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PER ENGINE 

PERSPS 


Kg 

10® Kg 

MANIFOLDS 

3895 

2.24 

VA»»OR DUCT 

(1240) 

(0.71) 

LIQUID DUCT 

(216) 

(.12) 

METEOROID PROTECTION 

(2439) 

(1.40) 

THROUGHPIPES 

1500 

0.86 

THROUGHPIPES (335/ENGINE) 

(790) 

(.46) 

ISOLATION VALVES 

(710) 

(.41) 

HEAT PIPES 

13,299 

7.66 

SHELL 

(10,838) 

(6.24) 

WICK 

(1729) 

(0.99) 

SODIUM 

(732) 

(0.43) 

POTASSIUM 

8046 

4.63 

TOTAL 

26,740 

15.39 
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POWER BUDGET 

This IS a breakdown of the system power requirements aboard the SPS Hie generators retjuirc 16 43 fjW Additional utdi/alions 
withm the system bringing the busbar total to 17,913 CiW 7he power dislnhution losses are those asscKialcd with resistance 
affects within the distribution busbars f he pumping power is that re<tuired to operate the electromagnetic potassium pumps. Die 
iPlitufle cfjntrol power is a maximum value and v,orrcspf>i>ds to the time fieriinl when maximum tnrusf is reipiired to maintain the 
perpend icular-lo-ecliptic plane orientation. I he total f>Uif il can be prrxJtaed by 570 ol the generators 5 70 generators are 
installed allowing approximately a t'r margin It anticipated that the microwaves transmitters will ileerade in output and 
required power input by approximately 2'/r in the eourse ot a year Lonsequently in one year about v; ol the furbogeneratoi 
systems could be automatically shuldf>wr by mallunclion detection systems witliout impacting the pr»wer output ol the micro- 
wave transmitter 
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10® kW 

TRANSMITTERS 

16.430 

POWER DISTRIBUTION 

0.898 

PUMPING 

0282 

ATTITUDE CONT, MAX 

0.300 

MISC. 

0.003 

BUSBAR 

17.913 


6V0 GENERATORS AT 31.426 MW. EACH 
(576 INSTALLED) 
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SYSTEM EFEKIENCY CHAIN 

The J7 913 GW required tor busbar power as mditjled by the previous thaf' is Ihe be|nnmiHf point lor this system eniviciuy 
ehairi- The genera ton have an cffiuency of 98 4'; This rcciuircs that the Mirbmcs have j sJiafI output of IK 204 GW, Since the 
turbines and the rest of the system have an overall cycle et fluency of 0. 189 a pnwci level of 96 31 7 CiW must I.e added to the 
Potassium ilow within the boilers of the c .ivity absorber A hreakdown of the losws ,iv/)cialed w ilh the cavity abs ^rher is also 
given For example. 5'^ of the energy entering the cavity is reflected foackout again fhis is bawd on tests of "bench modet*' 
absorbers for ground solar power programs llu five layers of insulation nuking up the cavity walls allow a heal Umof approxi* 
matcly F2 GW The hot walls of the cavity rerudiate energy hack out through the aperiurc. Some oi tins passes d^ivctly to space 
and some of it is refltctcd to space from the solar concentrator Other losses, such as heal lossc*s through the walls of ‘Jic mani* 
folds, connecting the boilers to the uirbines. amount to appro von jtely I I fiW, The ( h also has losses due lo energy absorbed 
rather than reflected by its walls. The end ol life reflectivity the plastic film facets is 0 8 77, fhn ts the reflectivity after *• 
reduction of due to meteoroid scouring, in 30 years of operation 
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System Efficiency Chain 




BUSBAR (GENERATOR OUTPUT) 
(GEN. EFFICIENCY • 0.BS4) 

ld*kW 

17.613 

TURBINE SHAFT OUTPUT 
(CYCLE EFFICIENCY - 0.1SB) 

18.204 

POWER ADDED TO POTASSIUM 

66.317 

SOLAR ENERGY INTO CAVITY 

112.387 

(REFLECTION LOSS. BK) 

(LOSS THROUGH INSULATION) 
(RERADIATION THROUGH APERTURE) 
(MISC. I.E.. MANIFOLD HEAT LOSS) 

(5.620) 

(0.600) 

(8.836) 

(1.124) 

>^•TO SECOND STAGE CONCENTRATOR 
(CPC REFLECTIVITY ■ 0.865) 

126.836 

IMPINGING UPON PLASTIC FILM 
(FILM END-OF-LIFE REFLECTIVITY - 0.877) 

146.076 
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' PERPENDICULAR TO ORBIT PLANE" ORIENTATION 

Some advantages ami disadvantages of a PF.P orientation are given. PhP has hi*en Hcleelcd primarily IvcaiiSi* moving facets are not 
required. However, other benefits accrue as shown. The disadvantage of ilie additional. a*a«onal antenna axis are somewhat offset 
by two advantages relative to microwave power transmission. The first ol fhesi' is that rectenius can he switdied without polari/a* 
tion loss even if the antennas arc at different longitudes wtUuiiil moving llie salt Mile along the geosynch ronutis path. Addithinally. 
the seasonal antenna axis can be used to provide antenna tilt to eonipensale for Faraday rolaltun cuased by the ionosphere. 
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OtSAOV AMT AGES 


• HIGHER IMIOrELU^MTCONSUMrriOM 
(UNLESS CONFIGURATION IS 
INERTIALLV SYMME • RIC, USES 
MAGNETIC TOROUEING OR SOLAR 
PRESSURE EFFECTS) 


• BEST PERFORMANCE REQUIRES 
TIGHTER ATTITUDE CONTROL 
LIMITS (E.Q., 0.1®. NOT 0ii®l 

• REQUIRES ADDITIONAL (SEASONAL; 
AXIS ON ANTENNA 

• 300MW FEAK POWER REQUIRED 
TO OPERATE THRUSTERS 






AOVANTAOfS 


• FACETS NEED NOT FOLLOW SEASONAL SUN MOTION 

• ELIMINATES COSINE EFFECT ON SIZING 

• FACETS NEED NOT BE SPACED APART TO ALLOW 
MOTION 

• LOWER METTOROID FLUX ON RADIATORS 

• ADDITIONAL ANTENNA AXIS PERMITS TRANS 
MISSION TO VARIOUS RECTENNA LONGITUOa 
WITHOUT POLARIZATION LOSS (FROM GIVEN 
ORBIT LONGITUDE) 

• ADDITIONAL ANTENNA AXIS PERMITS 
COMPENSATION FOR DIURNAL IONOSPHERIC 
FARADAY POLARIZATION ROTATION 

• RADIATOR IS ALWAYS EDGE ON TO the SUN 

• CONSTANT THERMAL ENVIRONMENT FROM 
FIXED SOLAR ORIENTATION 
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ANTENNA JOINT STRUCTURE FOR FEF SFS 


I he addition jL seasonal axis and dojr lcK strut fiiU' fc<|u»rcd for PEP operations is shown. Shp nniis need not um U at the st j* 
4>na) axis pivot. Flat cables which arc wound during one year of operation and unwound during an annual shutdown period are 
instead baselined. 
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POTASSIUM RANKINfc SPS MASS ST ATfcMfcNI 

na breakdown of the Part If frrut mj^i Promjnmf merits tu Ihr^. nuisv .irr rfn fr;mwuH^:rs, die fin. radutr^r 

\y\iem\ the \lruc»urf; ^pnma»'»ly Ut*: fa’i.et f>upfw? »iru..T<jm tlje prn.isauif; irr» Mfor> tor the system The furbme m*i\^ 
t'^tjmared by ^Jt-ncral Heetra >ml f*^prew;nt' *> V4ltje whi^Jt prob;jihl> lOffi- r ro wjfhin jnd -4(/ ^ 
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Potassium Rankine SPS Mass Statement 


tTRUCTURE 

lU^kf 

6.97S 

FACETS 

1.837 

RADIATOR <W/0 POTASSIUM) 

10.768 

POV OIST 

4.760 

SW. GEAR 

0.218 

GENERATORS, ACCESSORY PACK 

2.508 

GENERATOR RADIATORS 

1.140 

TURBINES 

13.756 

PUMPS. PUMP RADIATORS 

0.984 

BOILERS & MANIFOLDS 

3.296 

CAVITY ASSYS 

1.000 

CPCS 

0.299 

LIGHT DOORS 

0.075 

MONITOR, COMMAND ft CONTROL 

aioo 

ATTITUDE CONTROL 

1.200 

START LOOPS, CONTROLS 

0.250 

ANTENNA SUPPORT 

0.286 

MISC, INCLUDING STORAGE 

0.200 

POTASSIUM INVENTORY 

6.066 

POWER GENERATION 

66.660 

ANTENNAS 

24.384 

SPS 

80.044 
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SUMMARY-THERMAL ENGINE SPS 

Final conclusions of the thermal engine work of this stud / are given here. It was delennined that the >?oUissiuin Rankine cycle 
thermal engine is the lightest of the potential approaches investigated. At the beginning of this sUiily the solar concentrators 
involved stearable facets with individual power supplies, sensors and servo mechanism v These have been etiminatated by using a 
perpendicular-to<ecliptic orientation and u concentrator dish of the requisite curvature. Instead of electromechanical pumps, 
composed of an electric drive motor and a pump with the re(|iitsite seal between them (which could be subject to leakage L we now 
utilize electromagnetic pumps. Although somewhat heavy, the low pumping power associated with potassium Kankinc makes 
these potentially low<failure*rate pumps practical. Although certain materials such as silicon carbide and tantalum may offer 
advantages for thermal engine SPS they am either too advanced or insufficiently abundant to allow them to be baselined. Hie 
materials selected are in common use and resource data Indicates that then.' is enough to allow a significant thermal engine program 
to be accomplished. The perpend icular-to^'cliptic plane orientation is critical m allowing the fixed retlcctar facets. This requires 
somewhat more thruster power, but is u proper orientation for the thermal engine SPS. Tlie turbines themselves, at their si/e of 
appro \imately 32 megawatts, use forgings which cun he produced by existing U.S. industry. Cienerally low industrili/ation is 
therefore required for the thermal engine SPS. Tire natioiTs current production capability is probably adequate to protluce one 
SPS per year. 
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Summary — Thermal Engine SPS 


• RANKINE CYCLE IS LIGHTEST AND SIMPLEST 

• SYSTEM IS LARGELY PASSIVE 

• FIXED CONCENTRATOR 

• ELECTROMAGNETIC PUMPS 

• PROVEN MATERIALS WITH NECESSARY ABUNDANCE ARE USED 

• THE SATELLITE SHOULD FLY P.E.P. 

• TURBINES SIZED FOR EXISTING INDUSTRY; GENERALLY 
LOW "INDUSTRIALIZATION" 
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$PS^t703 




Construction 

and 

Transportation 



321 


*^®W0 PAOB blank Hot 



0180 - 22876*7 


CONSTRUCTION/TRANSPORTATION AGENDA 

(n this scctron ol ibc hricrmg.lhc construction and transportation systems arc discussed together from the standpoint of how they 
relate |o tlie main issues of the study which are the comparison of 1 j the power generation systems and 2 1 the Icxation for 
iher ( -' 'SI ruction, the power uencralion system comparison will he presented using the LliO construction option. The GEO con- 
striKlioii option has also i studied and it could he presented at tins time as well as both construction option at the ^ame time. 
But m onier to tot us most v!earl\ on the ditfercnces in tlie construction and transportation characteristics for the two power gen- 
eration options fliiN pt»i Mon of the hrieling will be conimed to the LEO construction approach. In summary , tlie outcome of the 
power generation comparison is not influenced b% the construction location. Resulting from the power generation comparison 
w il) ne a judgement ns to which is the preferred system from the construction and transportation standpoint, lliis concept will 
then be used in the comparison of the construction IcKution options. Again, both power generation systems have been investigated 
for both construction locations. 

The construction splinter meeting will focus on more detailed deftnition of construction bases and the staging depot including such 
factors as sizing, configuration, crew modules, and mass and cost data. Additional data will be provided on the construction equip- 
ment and requirements imposed by this equipment, finally, several ke^ trades will be presented relative to the antenna construc- 
tion location and satellite Installation as well as structural assembly of the satellite itself. 

The trap '■no flat ion splinter meeting will be held at a separate time and will include data on self-power flight control. 
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• MAIN BRIEFING ELDON DAVIS 

• POWER GENERATION SYSTEM COMPARISON 

(USING LEO CONSTRUCTION) 

• CONSTRUCTION LOCATION COMPARISON 

(USING BEST POWER GENERATION SYS) 

• SPLINTER MEETING KEITH MILLER 

ELDON DAVIS 

• CONSTRUCTION BASE AND STAGING DEPOT DEFINITION 

• CONSTRUCTION EQUIPMENT DETAIL 

• TRADES 

• ANTENNA CONST. LOCATION AND SATELLITE INSTALL. 

• STRUCTURE ASSEMBLY 

• CONSTRUCTION BASE SIZING 

• SELF POWER FLIGHT CONTROL 
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ASSUMPTIONS AND PHILOSOPHY 
CONSTRUCTION AND TRANSPORTATION 

The key afiamptioiift and phiknaphy anil the untnKhon and trainporfufion analym indicated, Mmt of iheise ittm% are 
sdf explanatory but a few require a brief explanation. Item I wat yp^utkd in the Statenncni ol Work. Item 2 drain with the 
actual amount of useful time available for construciion taking; into account that pcrM>nnel do not work literally an entire Riiff 
(coffee breaks etc i. and allowances also included for machine down innc {fern .1 is siiccified lo indicatr rm i»rf*crrucfion i ikm% 
were mvcsligatcd which u' the salelhte it sell to cuppor t const rucl ion equipment. Item 5 iclrdev lo the case where a fitvei. .ype 
of machmc operation such as a solar array dc player was analyzed lo dck mimc its required consirijctnn rale in l>.0 corntruction 
and then this same value was used for the GhO construction apprr)ach. Item 6 deals with ihe IhcH^^ht tliat wheawer praetkrah par« 
allel comt ruction operations were perfr>rmrd in order to reduce the construct km rale* of the equipment ,«fid at all timei an 
attempt was made to eliminate the cases where several operations had to occur simultaneoiisty to finisn :i task. Item 9 
primarily deals with the task of indexmK the satellite or the terminal phase of bringing together large itrint^ such as satellite 
modules or antennas using propulsive devices Item 10 'dentifies the tw<i stage ballhticfballiftic system as the reference cargo 
launch vehicles althougi: two stage winged/ wmged systems were also investigated. 
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Assumptions and Philosophy 
Construction and Transportation 


1. ONE YEAR CONST TIME ONCL 30 DAYS TEST AND C/0) 

2. PRODUCTIVITY FACTOR OP 0.78 

3. FACILITIZEO CONSTRUCTION WITH ASSEMBLY LINE TYPE OPERATIONS 

4. COMPONENTS MANUFACTURED ON EARTH. ASSEMBLbD IN SPACE 

6. SIMILAR CONST EQUIP USE SAME RATES FOR ALL CONST OPTIONS 

e. PARALLEL AND DECOUPLED CONSTRUCTION WHEREVER PRACTICAL 

7. CONST. ACCOMPLISHED USING CREW OPERATED OR MONITORED BQUIP/MACHINES • NO 
"HANDS ON" OPERATIONS 

8. CREW WORK SCHEDULE 

10 HOURS PER DAY 
8 DAYS PER WEEK 
90 DAY STAYTIMES 

0. NO FREE FLYING INDEXING OR DOCKING OF LARGE SYSTEMS OR MOVEMENT 
OF CARGO AROUND FACILITY iwvvbwbnt 

10. REFERENCE CARGO LAUNCH VEHICLE-TWO STAGE BALLISTIC/BALLISTfC 

11. SHUTTLE GROWTH {LIQUID BOOSTER) USED FOR LEO CREW DELIVERY 

12. ORBIT TRANSFER SYSTEMS USED ION ELECTRIC OR LOj/LH2 PROPULSION 
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PHOTOVOLTAIC SATELLIIE CONFIGURATION 

The next two charts illustrate the refcreiue phoujvolfjic ami therma* ertgrne satcllili*s fa K' constrtfctcJ anil transfwrlcd* The lef- 
erenced 10 CW photovoltdic satellite consists ol 8 satellite modules, which when attemhled have an overall length of 21 .6 kilo* 
meters. Approxinuiely 1 3fX) kilometers of 20 meter hcam is unsembled. 1 1 2 square ktlomcteri of solar array is mstallf^d along 
with 65 kilometers of powerhus ('onstruction ol two antennas involves fahricatiori of structure and the placement of 1.6 sqiiaie 
kilometers of radiating surface. 
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Photovoltaic Satellite Configuration 



IZSZSI 


• iiOHT MODULES 

• 97 MILLION k« 

• 1300 lim OF 20 M BEAM 

• 102 km^ OF SOLAn ARflAV 

• SBkffi OF POWER BUSES 

• I.SIun^OF ANTEkmASURFACE AREA 
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THERMAL ENGINE SATELLITE €X>NFICURATiON 

The themijil engine latellite consists of 16 moduic^ which when tisseinblcd huvc » pUnform dimension of 1 2M kitometen on « side 
resulting in iui area 29% greater than the photovoltaic satellite. A key distinguishing feature of this conflgurafion relative to the 
photovoltaic satellite is that the depth of the satellite is considerably greater. Key component characteristics are also indicated 
with the only one directly comparable to the phottjvoltak Halcllite biing that of the strucliue wlinii is approximately 2.5 limes 
greater in length although in this caH‘ the majoriiy of this beam is 10 meter sj/e rallier than 20 meter 
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POWER GENERATION SYSTEM CXIMPARISON 

The principal areav which will be iiseil to compare the two power itencration systetm are iiulicateil. Thene arean have been KclectcU 
to emphasise the differences between the two satellites. 1 he approach used in tlie briefing will Ik to compare both power genera* 
lion system options for a given item of comparist^n ui the same time or in twi) consecutive charts rather than going alt the way 
through the photovoltaic satellite aii<l then liie thermal engine satellite followed hy a eomparison at the end. 
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Power Generation System Comparison 




AREAS OF COMPARISON 

• CONSTRUCTION BASE CONFIGURATION 

• SATELLITE AND ANTENNA CONSTRUCTION OPERATIONS 

• FINAL ASSEMBLY OPERATIONS 

• CONSTRUCTION EQUIPMENT 

• CREW REQUIREMENTS 

• CONSTRUCTION SYSTEM MASS AND COST 

• LAUNCH SYSTEM 

• ORBIT TRANSFER SYSTEM 

• TRANSPORTATION COST 
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LEO CONSTRUCTION CONCEPT 
PHOTOVOLTAIC SATELLITE 

The first comparison lo be made is that of the overall construe tioii/lransportation concept for cacli satellite. As indicated earlier, 
the LEO construction approach will be used in making the power generation system comparison. In the caw of the photovoltaic 
satellite, eight modules and two antennas are constructed at the LEO base. All miHlulcs arc transported to CiEO using self-power 
electric propulsion. Two of the moiluJes will transport an antenna while the remaining six modules will Ik* transtnirted alone. Tlie 
GEO operation requires berthing (dock mg) the mixlules to form the satellite and deployment of the solar arrays not used for the 
transfer, followed by the rotation ol the antenna into its desired operating position. 
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LEO Construction Concept 


Photovoltaic Satellite 


STS-13U 


GEO 


LEO 



ARRAY 
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LEO CONSTRUCTION CONCEPT 
THERMAL ENGINE SATELU'tE 

The thermal engine LEO construction concept is similar to the photovoltaic satellite with the exception that 16 modules are con- 
structed in LEO with 14 of these being transported alone and again 2 modules each taking up an antenna. Berthing is again 
required at GEO, however, no reHector facets require deployment since they are not affected by radiation when passing througli 
the Van Allen belt so consequently are deployed while in LEO in order to simplify the construction operations at GEO. 
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LEO Construction Concept 
Thermal Engine Satellite 


GEO 




tX)CK 
MODULES 


14) MAKE STRUCT & 
ELEC CONNECTIONS 


S) ROTATE ANTENNA 
INTO POSITION 


© 


2) • SELF-POWER TRANSPORT TO GEO 
• ANTENNA/YOKE CARRIED 
BENEATH MODULES 8 AND 18 




1 ) CONSTRUCT ie MODULES 
AND 2 ANTENNAS 
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LEO BASE CX>NSTRUCTION TASKS 

The construction operations to be performed at the LrX) construction base arc t ) assemble the structure to lomi a module l/H the 
sue of the total sateUitc, 2 1 install solar arrays. 3 \ install power bus system, 4 1 lustall orbit transfer system, 5 1 install subsystems 
and 6) construct two antennas with their yoke and rotary joints. 
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• CONSTRUCT 8 51ATELLITE 
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LEO BASE CONSTRUCTION TASKS 
THERMAL ENGINE SATELLITE 


The construction tasks associated with tliermal engine sct< 'lite modules are indicated. Tlie key difference compared to the photo- 
voltaic construction task primarily relates to the difference in the power generation devices <i.e.. reflectors and thennai engines/ 
radiators instead of solar arrays). 
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LEO Base Construction Tasks 
Thermal Engine Satellite 



TANKS 


CONSTRUCT 

REFLECTOR 

STRUCTURE 
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LEO CONSTRUCTION BASE 
PHOTOVOLTAIC SATELLITE 

The construction base for the photovoltaic satellite consists ol two connccUng facilitK^s with one used to hiiild the modules and 
the other to build the antenna. The module construction tacility is an open ended structure wliich allows the lour hay wide 
module to be constructed witli only longitudinal indexing. There are two internal working bays. The al t bay is used Ibr structural 
assembly using beam mudiines and joint asvsembly machines attached to both the upper ami lower surfaces ol‘ the racility. Solar 
array and power distribution are primarily installed from equipment attached to the upper tacility surface in the forward hay. Tlie 
satellite module is supported by movable towers located on the lower surlace of the tacility. These towers arc also used to index 
the module as it is being fabricated. 

The antenna facility is configured to enclose four bays of antenna in width and four rows of buys in length. 7Tie mtitlmum plan* 
view shape of the faciMty is obtained througli use of a 60 degree parallelogram. This sliape is the result of the basic unit of the 
primary structure* being triangular in shape and the resulting angular indexing. The lower surlace of the facility is used to support 
beam mschinesp joint assembly machines, support indexing machines and bus deployment equipment. Tlie upper surface is used to 
wpport beam machines, joint assembly machines and a deployment platform that is used to deploy the secomlary structures and 
antenna subarrays. 
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JKM 


LEO Construction Base 
Photovoltaic Satellite 


BEAM MACHINES 


SOLAR ARRAY 
OERLOYMENT MACHINE 


2.8 KM 


{ENVELOP) 


T.e KM 


0 


I/" 


^ INOEXIN6/SUPPORT 
A-A MACHINE 

PARTIALLY COMPLETED 
^MODULE— 1 deployed 

1 \ SOLAR 
ARRAY 


FABRICATION 
DIRECTION ^ 





1.86 KM 


ANTENNA — 

POSITIONING 

PLATFORM 



^PARTIALLY 

\ COMPLETED 
'' ANTENNA 


1.25 KM 


«A 1 

---H 




FABRICATION 

DIRECTION 


SUBARRAY 

DEPLOYMENT 

PLATFORM 

BUS DEPLOYMENT 
MACHINE 


BEAM MACHINE 
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LEO CONSTRUCTION BASE 
THERMAL ENGINE SATELLITE 

The thermal engine satcllile tonsiniLtion hjve has Imtsh licsiuncd tr; tn cUett vurrtHinJ the thcmiwi engine MfvllUe module and at a 
result consists of some rather large diroensions Pie lonslruetion ops-ralions are pvriomicti in three separate wvels or areas ol the 
base At the lower level !s located the antenna constitution tacilities «.nd those tuovisions necessary to eonsiruci the antenna 
yoke Immediately above chts area is the reriectfir construction luclory which includes eMuipmeni necessary to con>unct reflector 
structure and mstall rcHerting facets Deployment ot the constructed reneciors is accornplidied using indexing devices moving 
down two side rails These rails arc also used to \uppr>ri beam machines used to construct the lour supporting legs hetween the 
refleclor surface and the focal point Ac the upper level ot tne construe tion base is located the local point factory wIikIi has the 
task of constructing the CPC. i avity. installing the thermal engines, constructing radiators and the spine which senres as the power 
distribution system A fourth area, although only used in the conM rue lion of two modules is the assembly platform used to fonn 
the antenna structure support point for Ihc antenna 
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LEO Construction Base 
Thermal Engine Satellite 
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MODULE CONSTRUCTION SEQUENCE 
PHOTOVOLTAIC SATELLITE 

The construction sequence associated with the structure, solar array and power buses consists of initially building tltr firsl end 
frame of the structure. This end frame is indexed forward one structural bay length at which time machines can form tlie remain* 
der of the structure in each of the hays. The first row of four bays is then indexed forward to allow construction of the fifth 
structural bay in parallel with installation of wlar arrays in hay 1 through 4 Solar array installafion ami conslruction of slnicturc 
occurs simultaneously across the width of the module, although neither operation depends on the other. At the completion of 16 
bays or four rows of bays in length, the power buses and propellant tanks are installed. Const rtiction of llte structure and installa- 
tion of solar arrays of the remaining four bay lengths ol the module are done in a similar manner to that previously Jew ribed. 
Thruster modules for the self-power system are attached to each of the four comers of the moilule. 
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Module Construction Sequence 
Photovoltaic Satellite 
— ^ 




© © ® 

• CONST END FRAME • CONST BAY 1 • 4 STRUCTURE • DEPLOY SOLAR ARRAY AND CONST 

• INDEX 1 BAY LENGTH • INSTALL THRUSTER NEXT ROW OF STRUCTURE 

MODULES • INSTALL BUSES AT END OF 4lh ROW AND PROP. TAT4K 

• INDEX 1 BAY LENGTH • INDEX 1 BAY LEN *«TH 

• INSTALL S3LAR AnHAY CONTAINERS 
a FAB STRUCT 
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REFLECTOR CCWSTRUCTION OPERATIONS 
THERMAL ENGINE SATELUTE 

The construction sequence for the power generation portion of the thermal engine satellite module is done using two charts. The 
first af these construction operations deals with the formation of the reflector surface. The principal elements involved in this 
operation are the factory itself and the structural machines, reflector deployment machines and indexing devices. The complexity 
of this operation and the machines themselves is better appreciated by the fact that the shape of the reflector surface is a portion 
of a sphere and in addition the structure fonning the shape consists of interconnecting tetrahedrons. To accomplish this task, the 
structure and reflector machines are attached to the underside of the reflector factory and run on tracks. The spherical reflector 
shape is obtained by havmg the reflector factory move up and down in elevation and rotate about its longitude axis. Movement of 
the factory occurs after the machines make each transit across the factory length. Five structural and reflector machines are 
required in order to satisfy the timeline requirements. 
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FACILITY 

SIDE FRAME 


Reflector Construction Operations 
Thermal Engine Satellite 


230QM 

-REFLECTOR FACTORY 




ELEVATOR 
(MOVES FACTORY) 
t140M 

3- FIVOT 

17® 


■BEAM MACHINE 


- ' \ I SUPFORT/ 

REFLECTOR A imdEXINO 

REFLECTOR DEPLOYMENT — » •«ACH. 
MACHINE 


♦_r! 




DEPLOYED FACETS 


REFLECTOR 

FACTORY 


REFLECTOR 

INDEXING 

MACHINES 


FACILITY 

SIDE 
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FOCAL POINT ASSEMBLY OPERATIONS 
THERMAL ENGINE SATELLITE 

The other major operation in constructing the thermui engine satellite occurs at the top of the construction base where the focal 
point equipment is constructed and installed. Shown here are the major individual operations (o occur against a background of 
the focal point assembly factory. The point to be kept in mind is that all of these operations are going on simultaneously. At 
several points in time, major subassemblies art* brought together and finally all elements are then connected to form the complete 
unit. At that point, the factory is moved away and the focal point can be attached to the support legs coining up from the reflec 
tor surface. 
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Focal Point Assembly Operations 

Thermal Engine Satellite 

" ' — 


• FRAME AND SPINES 


• RADIATORS AND • CAVITY 

ENGINE INSTALL 



• CPC 


• COMPLETED FOCAL POINT ASSEMBLY 
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ANTENNA/YOKE/MODULE ASSEMBLY 
PHOTOVOLTAIC SATELLITE 

Construction of antennu and yoke for each satellite is essentially the same, and for that reason specific oi^eratinns associated with 
this task are not covered at this time. In both cases, each antenna requires six months of construction time. A point of diffemnee 
however, is where and when these elements are constructed mid how the assembled aiUcima/yoke is attached to the suteUite for 
transportation. 

In the case of the photovoltaic satellite as showi. lere. the yoke for the antenna is constructed in the module construction facility 
because of its large dimensions. When using this approach however, it requires the yoke to Ik* made in between the third and 
fourth module and between the seventh and eighth modules. Following yoke construction, it if moved to the side of the module 
facility. At that time either the fourth or the eighth module will be constructed. During the construction of these modules, the 
antenna is completed so that it can then be attached to the yoke. After five bays of either the fourth or eighth module have been 
completed, the antenna/yoke combination can then be attached to the module in its required location. Constniction of two more 
rows of bays puts the antenna outside the facility where it then can be hinged under the module for its transfer to GEO. 
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Antenna/Yoke/Module Assembly 
Photovoltaic Satellite 


SPS-1402 





ASSEMBLE YOKE & 
ROTARY JOINT 
(BETWEEN MODULE 
3 & 4 AND 7 & 8) 

• MOVE YOKE TO SIDE 
OF FACILITY 


CONST 3 ROWS 
OF BAYS 

• COMPLETE ANTENNA 

• ATTACH ANTENNA 
TO YOKE 


COMPLETE 5 ROWS 
OF BAYS 

• ATTACH ANTENNA 
SYS. TO MODULE 


CONST ROW 6 & 7 

• ROTATE ANTENNA 
UNDER MODULE 

• CONSTROW8 
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ANTENNA/YOKE/MODULE ASSEMBLY 
THERMAL ENGINE SATELLITE 

Constniction of the antenna elements of the thermal engine s.i(e)litc occur at the lower level ol the construction ba«?. Tl>e support 
structure for the yoke and the hinge linkage used to tmsition the antenna are different from the photovoltaie s^ifellite. In the case 
ol *he support structure, there is an offset which allows thi prope; poinuni: ol the a/iten/u wliile the satellite Hies PbP ratlier than 
POP as in the case of the photovoltaic satellite. The hinge linkage used to position the satellite is made lollowing the yoke. 
Assembly of the antenna, yoke and hmge linkage /nto oPc unit is loDowed by the attachment ol tins unit to the underside ot the 
reflector surface for the transfer to (^hO. 
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CONST YOKE. OFFSET 
AND ANTENNA 


Antenna/Yoke/Module Assembly 

Thermal Engine Satellite 

' " ■ 

• REPOSITION YOKE, (^« ATTACH ANTENNA/YOKS 

OFFSET AND ANTENNA & HINGE LINKAGE 


• CONST HINGE LINKAGE- 


YOKE^ OFFSEJ/ 



• ATTACH AT4TENNA SYSTEM 
TO UNDERSIDE OF REFLECTOR 
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CEO BASE CONSTRUCTION TASKS 
PHOTOVOLTAIC SATELLITE 

Several key ami jKtinsiiisliini; eun^triteliui) tasks are rei|iiiretl by eaeh satellite nnee (ll-.O is reaeheil. In llie ease ul' the pliulovol* 
laie satellite, an additional task is n-i|uired in that those solar arrays not deployed tor iransl'er now rei|Uire deployment. Hiis oivr- 
ation requires a final assembly plaH'orm >hal eaii support lour solar array deployment machines as shown. Tlie other tasks to be 
performed at t’b.O are shown on suh.se>|uent charts. 
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GEO Base Construction Tasks 
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PINAL CHECKOUT 
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GEO BERTHING CONCEPT 
PHOTOVOLTAIC SATELLITE 

The first operation to occur once the modules reach C'lK) K that ot tlie herihinit tor doi-kingt of the modules in the cuv ot the 
photovoltaic satellite, the modules are berthed along a single edge as iiulivaled I he maior e<|Uipmeiit used l<i perform iIkw Ivrth* 
mg operations arc shown. The concept employs the use ot tour JcKking systems with each involving* a crane and three control 
cables. Variations in the applied tension to tlie cables allows the modules to he pulled in. pmside stopping control ami provides 
attitude control capability. Also required in this concept is an attitude contred system involving thrusters wlucti are luil sitown. 
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O Berthing Concept 
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GEO BERTHING CONCEPT 
THERMAL ENGINE SATELLITE 

Berthing operations associated with the thcrmul engine satellite inoiliiles reiiiitres both single edge aiul two edge (corner t berthing 
as indicated To arromphsb the berthing operation, (wo laeiliiies are employed. I.acli is provided with a crane system stmdar to 
those described for ihe photovoltaic concept. One of the lac i)i lies is IcKuted at the upper purl ion ol the module while the wcond 
IS near the plane of the reflector so that forces can l>e applied around Uk* eg ol the modvde Movement of one ol these facilities 
from module to module occurs by releasing one attaLhment point and pivoting around the oliiei until the desia*d location ts 
reached. 
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GEO Berthing Concept 
Thermal Engine Satellite 
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ANTENNA FINAL INSTALLATION 
PHOTOVOLTAIC SATELLITE 

Comparison of the antenna final assembly installation operations associated with the satellite also illustrates some differences in 
terms of complexity of the required mechanisms. In the case of the photovoltaic satellite, the antenna is attached below the 
module and uses a single hinge line. Once GEO is reached, the antenna is rotated into position followed by the final structural and 
electrical connections. 
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Antenna Final Installation 
Photovoltaic Satellite 


2.7 KM 



0 • CONSTRUCT IN LEO 

• TRANSPORT TO 
GEO 
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ANTENNA FINAL INSTALLATION 
THERMAL ENGINE SATELLITE 

Placement of the thennal engine satellite antenna requires similar operations except that 3 hinge lines are required as sliown rather 
than one. This condition is a result of the long distance between the transfer posiiion of the antenna and the final position for the 
operational phase. 
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MAJOR CONSTRUCTION EQUIPMENT 
PHOTOVOLTAIC SATELLITE 

The major construction equipment associated with tlic pholovoUaic satehile arc ilhistratcd with some ol' the key character- 
istics such as quantit) . mass and dimensions. A^ain. hecause the anteima Use It *s common to luth sutellile systems its special 
equipment is not sho\vn aithouj^h this material has been presented in the Part II Midterm and is included ill the fma! document a- 
lion The beam macinne shown is mdieativc ol the struct lira I t.oiKepl which uses two beam maeiiines to lorm all the main struc- 
ture. Accordingly, it has both translation as well as rotational capability I be dimensions and mass indicated are indicative of the 
segmented beam approach although machines labncating tliemially formed contiiuioiis corcl structure could aUo be attached to 
the same tramc. 

C I me manipulator systems are primarily userl to lo»-m the slruclur il beam (oinis Altliough the si/e indicated is most common, 
several 250 meter units are also required in the coiisiruclion ol the anlcnn.i yoke .is well as several 20 meter cranes. Two man con- 
trol cabins with manipulators are located at the end of the crane which is itsedi attacheif to a moving plattomi 

The pniKipaJ dilferenee between the iiulicated solar array maclime nul those illusir.ited m previous brn I’mgs is that the gantrs 
Itself js located approximately 50 meters below the tacilit> bean in siiis*- that is the UK.itum < f \\w upper svirlace c,l the satellite 
Further discussion on these machine* will occur in the splintv r ineelinganJ in tin ♦inal dm umenfalion. 
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• eEAM MACHINE 


• (2) 20M - 20 000 kg 

• (2)5M-7 500kg 



• SOLAR ARRAY OEPLOYMfcNTR 

• 4 UNITS M 

• 12 000 kg (Eg) U ^ 
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Major Construction Equipment 

Photovoltaic Satellite 

- — ■ 


• CRANE/MANiPULATOR • iH>WER BUS INSTALL 

• 8 UNITS • 1 UNIT 

• 8000kg • 7 000kg 
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MAJOR CONSTRliCriON EQUIPMENT 
THERMAL ENGINE SATELLITE 

The therm at engine sateihte requireji several madiines similar to the phoiovoli.tn. equipment tiul in addition requires several dilTcr- 
ent units Beam machine'! are also required with the Key dittcrence hemt: tlie i|iMiUity and also th need ol a 10 meter beam 
machine Crane/manipulalor uniis ar ipprovimalely Itie same I ortnalion of tiie rerieclor ttacefs surlacel »equires a special 
structure machine and a lacet deployment machine. 
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Major Construction Equipment 
Thermal Engine Satellite 
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MAJOR CONSTRUCTION EQUIPMENT 
THERMAL ENGINE SATELLITE 

In addition to individual machines the thermal engine stellite construction operation ic<|nircs several mini-faclories involving 
numerous pieces of equipment, bxamptes of these small tactorics are as follows: the fomiation of ihe CP(' and cavity where 
cranes, manipulators, welders, conveyors and control cabins are required: a radiator factory t'.ai welds the 20 meter length sec* 
tions of pipe into 350 meter lengths and then attaches the radiators (heat pipeipanels If the main pipes; in addition, engine instal* 
lation IS required including a connection of power busses between the engines and '.iially. the spine assembly that consist of 
machines to build structure running between module local points anJ maclum « to asv inhli' and attach the major power busses to 
that structure. 
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♦ CAV»TY ANOC^C 
ASS^ EOUI^MEMT 

• 1 EACH 

• 2t 000k9 


Major Construction Equipment 
Thermal Engine Satellite 



• 9(N£ ASSY MACHtH£ 

• TWO UNITS 

• atoookfl 
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CREW SIZE AND DISTRIBUTION 
LEO CONSTRUCTION 

The difference in crew sue and diMribulion of crew is indicaied for !hc lwr> s.itellile cont.cpls 'Hk ^.rcw si/c for .til orbitjf per* 
sonnet indicates the photovoltaic %atcllite requires jpproxtmjtcly 3t)l) k wvr people with all this dillcreiKe iKcumng in the low 
harth orbit construction base The principal rcjv>n lor the larger crew retjmrenienls lor ilu’ thermal ciigmc *jtcMiic' is liue to more 
construction operations required and ol course this then coMlnluiles to Mk construction iinjirccf i iK fvmnrI and the Mipt«<>ri per- 
vonnei manloadings 
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Crew Size and Distribution 
LEO Construction 

■■ i- -I- — — — 



• 10 HOUR DAY 

• TW0 8HIPTS/0AY 

• 6 DAYS ON/ 

1 DAY OFF 

• 90 DAY STAYTIME 


PHOTOVOLTAIC THERMAL 

SATELLITE ENGINE 

SATELLITE 
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CONSTRUCTION ROM MASS SUMMARY 

ROM mass estimates are presented for the construction bases as well as crew rotation/ resupply. In the caw of the LhO const ruc- 
tion bases, the photovoltaic satellite ts lighter by approximately 3 million kilograms. Tile major contributors to the I hernial engine 
mass is the large foundation (structure) aloitg with three extra crew modules due to tlu* 300 additional people and of course as pre- 
viously described additional construction equipment. CiKO final assembly haws are approximately equal. Diflcrences in the 
annual crew rotation resupply requirements re Heels the difference in the 300 man crew m/c 
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Construction Mass Summary 


• LEO CONSTRUCTION 




CONSTRUCTION BASES 



CREW ROTATION/RESUPPLY 

• ANNUAL 

• CARGO, CREW, VEHICLES 
AND MODULES 

INCLUDES GEO SUPPLIES 
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CONSTRUCTION BASE ROM COST 
FIRST SET 

Comparison of the unit cost of the first set of construction buses indicates over a 4 biUion doDar savings for the photovoltaic satel- 
lite. These values reflect a 90% learning factor applied to each major end item. Transportation costs are not included in this par- 
ticular chart. In the case of the thermal engine satellite, the principal difference in the facility cost is the three extra crew 
modules and of course the large difference in construction equipment quantity and mass contributes the difference in cost. Tlie 
wrap-around factor is applied to the sum of the facility construction equipment cost. 
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• 1 SATELLITE PER YEAR 

• 90% LEARNING 


CODE 




WRAP-AROUND 

• SPARES 

• IAAC/0 

• SEA I 

• PROJ MGT 

• SYS TEST 


I I CONST EQUIP 



FACILITY 

• FOUNDATION 

• CREW MODULES 

• 3ASE SUSSYS 

• CARGO HANDLING/ 

DISTRIB. 
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TRANSPORTATION SYSTEM DIFFERENT iS 


Several key transportation differences occur when comparing the two satellites as shown in this chart. Each of these differences 
are further described in subsequent charts. 
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Transportation System Differences 




TRANSPORTATION FUNCTION RIfE£REMCE REASON 


• SATELLITE LAUNCH SYSTEM 

• TWO STAGE BALLISTIC 

• CREW LAUNCH SYSTEM 

• SHUTTLE GROWTH 

• SATELLITE LEO-GEO SYSTEM 

• SELF POWER 


• PAYLOAD SHROUD 
P/V - REUSABLE 
T/E - EXPENDABLE 

• NUMBER OF FLTS 


• T/E HAS LESS SATELLITE 
DESIGN IMPACT 

• LESS GRAVITY GRADIENT 
TORQUE 


• SATELLITE COMPONENT 
DENSITY 


• MORE PEOPLE IN ORBIT 


• NOOVERSIZINQ 
AND USE OPER. VOLT. 

• LOWER INERTIAS 


• CREW/SUPPLIES LEO-GEO • NONE 

• TWO STAGE LO 2 /LH 2 OTV 
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COMPONENT PACKAGING DENSITY IMPACT 

A most significant factor in the launch aspect of power satellites is the component p:ickuging ilensity uiul its impact on the number 
of launches required and/or the type of payload shroud that is used. In tenns of the component density of the photovoltaic satel- 
lite. an average density of approximately ^5 kilograms per cubic meter is indicated. Tlie current 23 meter by 1 7.5 meter payload 
envelope with a volume utilization factor of 0.7 requires a density of 93 kilograms per cubic nteter in order to reach a mass limited 
condition. 

The thermal engine satellite density is approximately 66 kilograms per cubic meter primarily due to radiators, reflecting facets and 
antenna subarrays. Should the antenna subarrays be divided into a waveguidc/structure section and klystron tube section, the 
density would go up to 76 kilograms per cubic meter. Tins approach however, requires assembly of the subarrays in orbit which is 
not deemed desirable at this time. Consequently, the themial engine concept presents a difficult case for acliieving mass limited 
launch conditions. The number of flights lor the photovoltaic satellite retlect mass limited launch conditions. Tlie themial engine 
system is shown for both an expendable shroud large enough to reach a mass limited condition and a reuseahle shroud option. 
Launch cost for these options are compared in the ftiird set of bars. For the thermal engine system, the expendable shroud sliows 
approximately a 300 million dollar savings per satellite as compared with a reuseahle shroud due to the low unit cost l2 million 
dollars) for the expendable shroud when large quantities are procured. It should he mentioned however, that the themial engine 
satellite will also utilize reuseahle shrouds for the delivery ol ivw and supplies and delivery of construction requirements. 
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COMPONENT PACKAGING DENSITY (KG/M^) 


SPSr\GB& 


DENSITY 


NO. FLIGHTS 



G> ANTENNA rJUBARRAYS READY 
[!;;>» ANTENNA SUBARRAYS 2 PIECES 


Density Impact 


LAUNCH COST 



P/V T/E 


|3>> REUSABLE SHROUD 
[4;>> EXPENDABLE SHROUD 
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SATELLITE LAUNCH VEHICLE 

A comparison ol the launtl' and recnlr> ^onti^uralion tor Iht ^ vo sutethtes js p*‘escMiled. The 35 meter cxpcndahle shroud 
required for the thermal engine systems is judged to l>e neanne the upper length hmil without giving excessive bending loads dur- 
ing the launch. It should also be mentioned that although the expendable sliroud is heav:er than the reiiseable unit the system is 
jettisoned after the dyr.amic pressure level has uillen to zero (’onsequently . payload capabilities ol the two launches are judged to 
be nearly equal As a result of using the cxpeiui«Me shroud, the Uocki. ■» s>siem must be uttacheii ilireclly to the payload rack and 
then return on subsequent reiiseable shroud Ihghs. 
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LAUNCH REENTRY 



Vehicle 


THERMAL 

ENGINE 

SATELLITE 

L AUNCH APPLICATION 





2 STAGE BALLISTIC/3ALLISTIC 
GLOW - 10.4 K lO^/.g 
PAYLOAD- 0.30 X lO^Kg 
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SELF-POWER CONFIGURATION 
PHOTOVOLTAIC SATELLITE 

!k transfer of the satellite modiiles from L^O to <!HO involve^ the usi* of electric propulsion using power provided i>y 
module (thus the name self-power). The characteristics associated with sell-power of a photovoltaic module arc sliown i u both 
rnodtdes transferring antennas and thoH* that do not. The general characteristics indiente a 5'^ oversi/ing of the satellite to 
compensate for the radiation degradation occurring during passage through the Van Allen hell and the inability to anneal out all 
of th damage alter reaching GEO. It should also be empluisi/.ed ut this point, only the arrays needed to provide the required 
power for transfer arc* deployed. The remainder of arrays ;ue sU»wed within radiation pr(M)f eontamers. < osl opliimim trip times 
and l^p values are respectively 1X0 day^ and 7.0CK) seconds. Might control of the module when Hying a IMiP attitude during trans- 
fer results in large gravity gradient tori|ues at several uositions in each revolution. Kulher than provide the entire control capability 
with elcc.pt' thrusters which are quite expensive, the electric system is si/ed only lor the optimum transfer lime with the addi- 
Ponal thnisi provided by LO^/LH^ thrusters. Tliis penally nelually is quite small since by the time 2..SU0 kilometer altitude is 
rcaehcu the gravity gradient torque is no longer a dominating factor. 
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Self Power 


leia 

r0.5Km 





rjorj 

ANTENNA ANTENNA 

SIZE; 24x38m 48x76m 

THRUSTERS; 600 1600 


38.1 



GENERAL CHARACTERISTICS 

• 6% OVERSIZiriG (R AOIATIONI 

• TRIP TIME- 180 DAYS 

• I8P-7000SEC 


MODULE 

NON 

ANTENNA 

ANTENNA 

CHARACTERISTICS 

MODULE 

MODULE 


NO. MODULES 

6 

2 


MODULE MASS IIO^KQ) 

8.7 

23.7 


POWER REQ'O (lO^Kw) 

0.3 

asi 


ARRAY % 

13 

36 


OTS DRY (lO^KO) 

1.1 

2.0 


ARGON (10*KG) 

2.0 

6.6 


LO 2 /LH 2 no^G) 

1.0 

2.8 


ELEC THRUST (103n) 
CHEM THRUST (1(HN) 

4.6 

1X2 


12.0 

8.0 
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SELP*POWER CONFIGURATION 
THERMAL ENGINE SATELLITE 

Self-power of the thermal engine satellite modules are for the most part similar to the photovoltaic nuHlules from u perfonnance 
standpoint although there are some distinguishing differences in terms of satellite design impact. One example of this is that no 
oversi/ing of the thermal engine modules is required since the reHector facets and engines are not sensitive to radiation as arc the 
iolar arrays. A second point is that the voltagt* generated by the satellite can he the same as the operating satellite voltage tsince 
no plasma losses occur as in the case of solar arrays) and thus a minimum power ilistrihution penalty occurs. Krom a propulsion 
standpoint, three thruster modules are used rather than lour and although all facets aie deployed in LhO. only a portion of these 
are required for the transfer. Gravity gradient torque associated with this configuratiu.* arc considerahly lower due to the inertia 
characteristics of the module and consequently the chemical thmst required and the amount of LO^/LHs propellant are consider* 
ably less than in the case of the photovoltaic satellite module. . 
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Self Power Configuration 
Thermal Engine Satellite 



QEWERAL CHARACTERISTICS 

• NOOVERSIZINQ 

• TRIP TIME - 180 DA V8 

• I8P-70008EC 


MODULE 

CHARACTERISTICS 

NON 

ANTENNA 

MODULE 

ANTENNA 

MODULE 

• MODULES 

14 

2 

• MODULE MASS 

4.1 

19.1 

• POWER RED'D (10^ Kw) 

0.14 

0.66 

• FACETS RED'D % ^ 

27 

74 

• OTSDRV (lO^Ks) 

0.B 

2.36 

• ARGON (10^ Kg) 

1.0 

4.6 

• LO 2 /LH 2 (lOB Kg) 

0.2 

0.94 

• ELEC THRUST (103 N) 


9.8 

• CHEM THRUST (lO^N) 

2.1 

9.8 


^ INCLUDES 14% TO COVER LOSSES 
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CREW ROTATION/RESUPPLY TRANSPORTATION 
POWER CiENERATION COMPARISON 

Tf)c major trunsporijlion system elements ami tiu iml)er ot tli[Ehis associateil with ca*w rotation/rcsiipply is prcsenial. A stuil- 
tic growth vcIpcIc usmg a hi|uiJ booster delivers up to 75 crcwnv.Mi per flight to LbO Carpu in terms of crew ami base supplies as 
well as propellant and 01 V hardware is delivered by Ihe satellite launch vehicle The OTV used for crew rotation/resupply is a 
two-stage L()^ * M 2 system with each stage having identj il propell nil e ipaeity 

Crew LhO delivery fligJils and supply llighls aie dilTerent as a result of the dilference of .W) people retjuired to consliuet Ihe 
two sab'lhies The (ibO bases arc nearly the same. No difference iicciirs m Uie OTV operation. 
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• CREW TO LEO 

• SHUTTLE GROWTH 

• 76/FLT 
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Crew Rotation/Resupply Transportation 
Power Generation System 

. I - III ■ .1 ■ ■ ■ II ■ ■ ■ 


om 


12 


• CRFW/CARGO TO GEO 

• 2STAGELO2/LH2OTV 

• Ws*49SOOOX0 



• CARGO. PROF & OTVS 

• 2 STAGE BALLISTIC 


0 
ee 
& 

1 
2 


8 ! 



P/V T/E 
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TRANSPORTATION COST 
PHOTOVOLTAIC vs THERMAL ENGINE SATELLITE 

The total transportation cost of the photovoltaic and thennal engine satellite effort is presented. Tlie costs aa* broken down to 
illustrate the difUrences for the three msdor transportation operations although the magnitude of the cost of the three are quite dif* 
ferent. In the cast* of the satellite transportation costs, the primary reason for the thenna) engine being greater is its need to use 
an expendable shroud in order to achieve a mass limited launch condition. Crew rota lion/ resupply differences are rellecting the 
difference in numbtrs ot llights to get an extra 300 people to LKO in the casi* of rhennaJ engine s;itelJilev Constniciion base 
transportation differ mces are primarily due to the larger mass of the thermal engine construction base as well as the volume 
limited condition of the construction equipment itself and the fact that tlic Uiermal engine concept uses considerably more equip* 
ment. It should be remembered however, that this initial placement will most likely last for 20 years in terms of the facility and 
10 years for the constrvetion equipment so that facility transportation costs can be considered as amortized. 
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Transportation Cost 
Photovoltaic vs Thermal Engine 






• 4 8ATELLtTESA'EAR 

• LEO CONSTRUCTION 



POWER GENERATION SYSTEM 


389 


r>lR0-22S76*7 


CONSTRUCTION/1 RANSPORTATION SUMMARY 
GENERATION SYSTEM COMPARISON 


A summary comparison of the photovoltaic and thermal engine satellite is presented will) an indication of whicli concept is pre* 
ferred relative to the vanous construction and transportation parameters discussed on prior charts. (’nnipaa*d in this manner, it 
appears that the photovoltaic satellite has a clear advantage in terms of less complex laeilities. constniction operations and con* 
struction equipment, at) leading to a lower construction cost and in addition has tower transportation costs. 
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Construction/Transportation Summary 
Power Generation Comparison 

I II — — -I — I ||^■| 


SPS-162S 

V FOR MOST PROMISING CONCEPT 



PHOTO- 

THERMAL 


COMPARISON PARAMETER 

VOLTAIC 

ENsms- 

RATIONALE 


1. 

BASE CONFIGURATION 


• 

SMALLER 




• 

LESS COMPLEX 

2 . 

SATELLITE CONSTRUCTION 

✓ 

• 

LESS COMPLEX 




• 

FEWER OPERATIONS 

3. 

ANTENNA CONSTRUCTION 


NO DIFFERENCE 



4. 

FINAL ASSEMBLY OPS 


• 

DOCKING & ANTENNA 
INSTALL LESS COMPLEX 

5. 

CONSTRUCTION EQUIP 

✓ 

• 

FEWER TYPES AND LESS 
COMPLEX 

6. 

CONSTRUCTION SYSTEM 


• 

LIGHTER (3.2M Kg; 33%) 


MASS AND COST (UNIT) 


• 

CHEAPER ($4.0B; 33%) 

7. 

CREW REQUIREMENTS 

✓ 

• 

300 FEWER PEOPLE 




• 

S110M LESS/YR (33%) 

8. 

LAUNCH SYSTEM 

y/ 

• 

HIGH DENSITY COMPONENTS 
ALLOW REUSABLE SHROUD 

9. 

SATELLITE ORBIT TRANSFER 


V • 

LESS IMPACT ON 
SATELLITE DESIGN 

10. 

SATELLITE TRANSPORTATION COST 

V 

• 

CHEAPER ($300M; 6%) 
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CONSTRUCTION LOCATION COMPARISON 
PHOTOVOLTAIC SATELLITE 

Coinparison of the major vonstruction and transportation puramcltfs associated with LLO and (if O construction will be done 
using the photovoltaic satellite due to it being judged to offer the best chaiUctcristics in terms of consiructioii and transportation. 
The principle areas to be used in comparing the two construction locations options are indicated. As in the case of comparing the 
power generation system options, the two construction location concepts will be comp.ired at the same time or on consecutive 
charts for a given item of comparison. 
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Construction Location Comparison 
Photovoltaic Satellite 
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FACILITIES 

SATELLITE (MODULE) AND ANTENNA CONST. OPERATIONS 

CONSTRUCTION EQUIPMENT 

CREW REQUIREMENTS 

ENVIRONMENTAL FACTORS 

CONSTRUCTION MASS AND COST 

SATELLITE DESIGN IMPACT 

ORBIT TRANSFER COMPLEXITY 

LAUNCH OPERATIONS 


TRANSPORTATION COST 



0180 - 22876^7 


LtO ( CNSTRiJOION CONCtPT 
PHOTOVOLTAIC SATF LLI I L 

To c>iahlish i Iramework Uonrt which *o conduc/ the < o/iip;»nsoii LLO vs OhO lonsliiKlion. wn ovitjU suniinjry fd cjch von* 
^irac!ion concept is presented in the not! twt) ehurts In lh« tjse ot tlie phf'tovolt.iK sjteMde eight moiinlcs jnd (wu uiUennus ;jre 
^on^tru. ted m tin* IT O Ijcililies All n1otlule^ .irt' trjnsported In ( il (J using si ll pn^s . i Ittuol !)»■ modu'es w iH trjnspoM jn 
antenna while tlie rciiuwnng six rmnlules gri up jjout* (jI (' o))erdfions revtuiu tx-it!nng o? the modules to h»nn the »^oniplete 
satellite aivl the dcplo>mont ol the sohir arrjvs not ii ,ed tor »he Ifjnsler 
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CEO CONSTRUCTION Ct>NC£PT 

The GEO construction concept benins with a slaving depot, which hus the cupiihthiy to transfer paylo.ids Iroin a launch vehick' to 
orbit transfer vehtciei and to house and maintain the orbit transfer vehkk* lied. I ransler of all payloads between LEO and C'fhO is 
accomplished using LOs/LHs OTV's. ( onstr\iclion of the entire* satelhle itu liidinv iintenna is done at ( #1*0. Hie relereiKo satel- 
lite for the GEO construction option is a monolithic design ralht; r than modular as in the case of IJ O eonsiruction The ^.dlecl of 
this difference as well as others w discussed on subsequent charts. 
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GEO Construction Concept 





QEOCONSTRUCTIOM 

BASS 


CONSTRUCT 

MONOLITHIC 

8ATBLUTB 
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ORBITAL BASES 
LEO CONSTRUCTION CONCEPT 

Two principal bases are required for the construction of cadi siitellite in the LhO construction option. The buses for the photo* 
voltaic option have been described earlier in the comparison of the two power itL'ne ration system concepts- In summary, however, 
the LEO construction base consists of two connecting facilities, with one used for construction of satellite moilules. while the 
other is used to constnict the antennas. The GEO base provides basing for cranes usc*d in the berthing of tiK* modules and supports 
solar array deployment machines. 
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Orbital Bases 

LEO Construction Concept 
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ORBITAL BASES 
GEO CONSTRUCTION CONCEPT 

The GEO constaiction base h<is been sued to construct a satellite in one year and consequently, results in the same overall size as 
the base for LEO construction. This approach does result in moving the satellite construction lacility in two directions rather than 
one. This has been judged to be more effective than having a lull width facility and additional constr\iction equipment and 
have this equipment sit idle half of the time. Additional discussion on ^his subject will occur in subse(|uent charts. Mass difference 
for this construction base compared to the base for LLO construction primarily rcllects the additional mass required for sliielding 
protection against solar flares Other significant differences in the (»EO construction base are the outriggers on the satellite facility 
to allow lateral direction indexing in addition to the movement of the antenna facility from one end of the satellite to the other. 
Again, ho^h of these differences are the subject of subsequent charts 

The staging depot located in LEO in this construction option is si/ed to support the consfruction of one satellite per year, and 
accordingly requires one SPS component OTV flight per day . based on a live day ii week launch and flight schedule As such, the 
depot must provide accommodations for three launch vehicle payloads, one being the SPS components and the other two being 
propellant tankers used to refuel the orbit transfer vehicles Since the orbit transfer vehicle propellant loading requires slightly 
more propellant than can be provided hy two tankers a storage tank is also provided at the staging dcp<il and is reluelcd every 
fourth OTV flight Ollier docking accommodations arc provided lor a dedicated OTV used lor f)hO crew TOtatntti> resupply on a 
once per month basis fhis operation also requires docking for supply modules and crew transfer vehicles The operational crew 
si/e for the staging depot is 75 which can be accommcxJaled in one nu>dule similar to the crew modules used in the fihO construc- 
tion base A transjont crew quarters modu.c is also provided to accomm^nJate the IbO personnel rotated with each crew flight 
to the GEO base. A inainlenance module is also included at this base for repair work primarily on the transporr;^:,on systems. 
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Orbital Bases 
GEO Construction 


• GEO CONSTRUCTION BASE 
MASS: SEOOOOOkf 

CREW; 480 
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SATELLITE CONSTRUCTION OPERATIONS 
LEO CONSTRUCTION CONCEPT 

The LhO construction operations associated witli the photovoltaic satellite have previously been sliown and described. In this 
chart the operations are jlJustrated in a slightly ddferent manner in order to show a more direc t comparison with the con* 
structed satellite, bach satellite module is four bays wide and eight hays lung. The nunlule lacility Is tour bays wide and conse* 
quently can construct a complete width ot the module and results in indexing the module only in the loi'gitudinal direction 
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SPVM90 

LEO OPERATIONS 


Satellite Construction Operations 
LEO Construction Concept 


0 • CONST END FRAME 
• INDEX FWO 1 BAY 


(D • CONST 4 BAYS OF STRUCT 
• INDEX FWO 1 BAY 



<§) • DEPLOY ARRAY 

• CONST STRUCT BAYS 

• INDEX FWO 1 BAY 



0 • INSTALL ARRAY 
CONTAINERS 

• CONST STRUCT BAYS 

• INSTALL BUS AT END 
OF 4TH ROW 


SOLAR 
ARRAY 
CONTAINERS 
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• BERTH MODULES 

• DEPLOY SOLAR ARRAY 
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SATELLITt CONSTRUCTION OPERATIONS 
GEO CONSTRUCTION CONCEPT 

The CiEO constructed satetiite is nionnhthic m design (.ilthough it sould jlso hs* luodtiljr. d so desired i and as a result has a con- 
slniction width of eight bays In oidcr to obtain this widtli willi tlic s.inic si/e lucdity (least mass and cost I .is a LIT) consfniLtion 
base, indexing of the satellite is required in two directions as indicated. In general, four bays of the satellite are under constnu tion 
at one time With their completion, those bays are moved laterally and the remaining four bays of that row arc constructed. W'hcn 
a given row is completed, it is then indexed m a longitudinal direction and the construction operation is repeated. In order to 
accomplish the lateral indexing m only two steps, outriggers have been adder) to the side of the satellite facility to enable indexing 
of four bays outside the constriction envelope 
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• DEPLOY 
BAY 1-4 

• CONST BAY 
13-16 

• INDEX FWD 
1 BAY 
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ANTENNA CONSTRUCTION AND INSTALLATION 
LEO CONSTRUCTION 

Antcnnj construct ton uml installation also presents some sigmhtani dilkTences in the twti const rue I ion location options. Again, 
the photovoltaic LhO cc^nst ruction appro.ich has hecn presented in the power generation system comparison, but is shown here in 
a manner to make a more direct cfnnfJansori with the ( ihO construe lion approach. Jn summary, the yoke support strueture of an 
antenna is nude in the module taciliiy and in helwjen the third and lourth modules or hetween the seventh oreightii modules 
depending on whether it is the lirst antenna or second antenna being bin It The antenna is made in its facility which remains 
pcrm ineiuly attached to the module facility Construc{u)n of either the lt)urih or eighth nu^dule is then partially completed and 
the antenna and yoke attached at its pmper location. I olhiwing moilule cnnstrm lion completion, the antenna is rotated under 
the module for transit* r to (if C) One (ihX) is reached, the antenna is rotated back up to its operating position. 
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Antenna Construction and Installation 
LEO Construction 


LEO OPERATIONS 


OEO OPERATIONS 






A A 


• CONST YOKE 

• CONST ANTENNA 

• ATTACH YOKE/ANTENNA 

• ATTACH ATiTENNA SYS/T400ULE 
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ANTENNA CONSTRUCTION AND INSTALLATION 
GEO CONSTRUCTION CONCEPT 

The GFO construction concept jKo iitili/cs separate satellite and untcnni facihfies However, in the rvlerenctf ease mdaated* the 
antenna facility with antenna is required to frec^fly to the opposite end of the uicltife and back. It stiould be noted at lhi«poifit« 
that *he antenna construction/installation approach indicated has been judged to be one of the best, if not the best, option for thtf 
partfcuiai task. Eight other options, involving variations of the antenna facility reniaining attached, others with it independent, 
and also two separate aitte;ma facilities were investigated and are reported m the Imal documentation. 

In summary, the reference approach consists ot the first antenna being made while (lie tint hall of the satellite is constructed 
including the yoke and support structure. At that point, the antenna facility with iinieiina is flown to the end of the s'ltetlitc and 
docked and the antenna then attached to the yoke. The antenna facility is then flown hack to Che satellite facility fthc short term 
separation of the two facilities simplifies the logistics problem in terms of supplying antenna components as welt as Irving quarters 
for the crew I The rem amine halt of the sat^.llitv‘ ts then construe led. including .» vt.ond yoke, while the antenna facility con 
structs the second antenna Indexing of Ihc satclhle facility to the extreme edge nt the satellite allows th antenna facility to be 
positioned to <mahle placement of the anleniu into the yoke. 
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Antenna Construction and Installation 
GEO Construction Concept 





• BCGIN AMTEMMA HO. 1 CONST •FHCe fLY AHTEW4A PACtUTY/AHrSNHA 

TO OPfOSITE END 
• riAlSe AMTEMNA IMTO POSITIOM 



(D • FREE fLV ANTENMA FACILITY 
BACK TO SATELLITE FACILITY 

• CONST ANTENNA NO. 2 

• CONST FINAL 123 SATELLITE BAYS 


• CONST YOKE 

• MOVE SATELLITE FACILITY TOSIOC 

• ATTACH ANTENNA FACILITY 
TO SATELLITE 

• RAISE ANTENNA NO. 2 INTO RLACE 
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CREW Silt 4>%U OISTRISLTIOiS 

There i\ t .^entiali) no <Jif(ercrKc m t/flnul si/v' *v-iv»vcn llv; vtmslfuilior. I’KJliori jllhouith Ihv diMfihtilion of 

perw>nnel is ccmMdcr»bi> dit^crcnl < r'Sfc \i/.*: ior thi‘ uuin uinsmivlion hj-t- imJKutcs4H0 in LI O^.onsc|»f while safitc 

number is required »n (t\ ^> \nr fhe i-p! Sluirme depol jud lirul js»**niN> nuumn^ rcqiiifciiU'iiK jrc jiwi found lo he 

ne^irty the same 


* 3)0 
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ENVIRONMENTAL FACTORS SUMMARY 

Several key environnicntal factors should be considered when comparing the ^wo construction location options. A summary of 
these factors is presented plus an additional chart dedicated to the topic of collision with fnati*made objects. 

The principal difference between the two construction location options, in term!: of natural radiation, is the large amount of solar 
flare shielding which must be provided for all crew modules located at GFO. Steady-state radiation would make hVA at GLO con- 
siderably worse than at LEO although only a bare minimum of suit EVA is anticipated in either case. 

Occulations of the construction base at LKO occur 1 5 limes a day. while a base at CibO is only occulted HH times per year. Tlie 
principal effects of occultation are on the electrical power supply and thennal aspects of the structure. In the case of power 
requirements, the GEO option requires less power due to not having to recharge nickel hydrogen batteries tisc»d for the occuttalion. 
The penalty for the larger power system is relatively small however wlien one is in the era of low mass, low cost solar arrays. 
Although a GEO base is certainly more continuously illiiniinated. tlie construction base itself produces sliadows. Consequently, 
both construction locations require a large amount of power toV lighting purposes. Use of gniphite/epoxy structure in both the 
satellite as well as the construction base structure should minitnue the impact of thermal effects. 

Most construction concepts will orient the constructiort base so it is passively stable for altttudc control and minimize gravity 
gradient torque. Although the LEO construction case required considerably more orbit keeping/attitude control propellant per 
day, it still results in less than one HLLV launch per year for tliis propellant makeup. 

Large amounts of debris Irom man-made space systems have •'csulted in some concern regarding LEf) construction. The analysts 
conducted has indicated the potential is greater with construction in LEO. however, simple avoidance maneuvers can reduce the 
probability of being hit to near zero. The next chart discus.scs this topic in more detail. 
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Environmental Factors Summary 


IPS- ten 

factor veq^ase geo base 

• RADIATION 

• SOLAR FLARE 2-3 GM/CM^ 20-26 GM/CM^ (IIS 000 KG/100 PEOPLE) 

• EVA SO. ATLANTIC STEADY STATE IS WORSE 

/U40MALY RESTRICTION 

• OCCULTATION 

• BASE POWER REOTS: 3600 KW 2S00 KW 

• LIGHTING; • REQ'O AT BOTH LOCATIONS (A OF 100-150 KV/) 

• THERMAL EFFECTS- • NO SIGNIFICANT DIFFERENCE IF GRAPHITE EPOXY IS USED 

• GRAVITY GRADIENT & • GRAVITY GRADIENT CONST MODE USED FOR BOTH LOCATIONS 

DRAG: • LEO PROP REQT GREATER BY 800 KG/DAY 

• COLLISION WITH MAN • POTENTIAL GREATER FOR LEO BUT AVOIDANCE MANEUVERS 

MADE OBJECTS • REDUCE PROBABILITY TO NEAR ZERO 
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COLLISIONS WITH MANMADE OBJECTS 

The collision anulysis has been done for an environnienl predicted lor the year 2000. including an addition of 500 objects per year 
since 1075. Results of this analysis indicated that the LhO construction appruacli could have forty additional colltsio«is it no pre* 
ventive action is taken. However, as indicated at file Part 2 mid-tcnn hrletlng. rcschs*duled orbit altitude corrections can essenliaJiy 
eliminate the problem ot collision with little or no additional penalty. Tlinist initiation or tcnninalion during orbit t*aiisfcr can 
also be used to prevent collisions. In summary. Ilierc should he no diflercncc l>etwcen the two concepts regiirding the number of 
collisions although the LLO construction appro;4ch^cKs rc(|uire slightly diffeient operations, incltidinr die use of the tracking and 
warning systems. 
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SP8-M05 


Collisions with Man Made Objects 


NO PREVENTATIVE ACTION 


PREVENTIVE ACTION 


• YEAR 2000 ENVIRONMENT 


CLEAN UP GEO ENVIRONMENT 


< 

tA 


Ul 

Z 

o 

z 

o 


8 



30 YRS 
OPS 


ORBIT 

TRANSFER 


CONSTRUCTION 


• RESCHEDULE ORBIT ALTITUDE 
ADJUSTMENT FOR AVOIDANCE 
DURING CONS''. 


/ OBJECT PATH 



• TERMINATE OR INITIATE THRim 
FOR AVOIDANCE DURING TRANSFER 

• EXPECTED COLLISIONS: 
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SATELLITE DESIGN IMPACT SUMMARY 
LEO CONSTRUCTION 

The design impact on the satellite for the case of LKO construction ami sell-power has been tievenbed earlier in the description of 
the photovoltaic satellite A summary of the key impact areas is presented at this time In the area ol solar array, an oversi/ing ot 
5 percent has been included to tompeiisafe lor the inability to complete/) anneal otii aP the damage* to the ce/N caused by radia' 
tion occurring dunng transfer and for the mismatch in voltage output between the damaged and undamaged cells. 

The structural impact includes both that of mt/dulanty and uverM/mg, M<x)iilartl> includes additional vertical members used 
around the perimeter of the satellite module and lateral beaniN at the end ol the modules as well as the penalties for the transfer of 
the 15 million kg antenna supported underneath the mcxlule Mr should be noted that all module structure has been w**d to that 
dictated by the modules used to transfer the antenna > 

The power distribution penalty is related to the additional length of bus caused by the oversi/mg ol the array. The total mass 
Penalty for a LEO constructed satellite is approximately 4 2 million kg tor ttie selected vlt power lrans,M»rlalion system. It 
should be noted however that the array o\ersi/mg and power distrihutiim penalty depend on the particular performance character- 
istics selected for the self power system 


416 



D180-2287fr-7 



Satellite Design Impact Summary 
LEO Construction 


SELF POWER TRANSFER 


IIWFACT 

REASON 


PENALTY 


• SOLAR ARRAY 

• OVERSIZINO FOR 

RADIATION DEGRADATION 

• 

^75MK• 

D> 

• STRUCTURE 

• MODULARITY 

• 

1D7M Kg 

[> 


• OVERSIZINO 

• 

A34MKg 1 

• POWER DISTRIBUTION 

• EXTRA LENGTH DUE 
TO OVERSIZINO 

• 

aOTMKg 

[> 

[l^ FUNCTION OF SELF POWER PERFORMANCE 
^ CHARACTERISTICS 
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TRANSPORTATION REQUIREMENTS 
LEO VERSUS GEO 

Transportation requirements associated with the payloads of each construction location concept are shown* there is noOTV 
propeltant mass included. 

The difference in satellite mass only reflects the struL rural mass penalty of the adJiltonal vertical and lateral members and Uiads 
caused by transfer of the antenna. Oversi/ing and power distribution penalties are all a function of <irhif transfer chamctcristKS 
and consequenily arc chargeable to the orbit transfer system itsell 

Differences in crew and supply requirements delivered to LhO primarily reflect adJitionat orbit keepuig^jtliliule control propel* 
lant requirements The key diflerence. however, is in the mass whith rr.ust be delivered to GFO 

Facility transportation requirements reflect the initial placement task as well as in the case of the GEO bases (both options), that 
mass that must be moved to the longitude location where the next satellite is to be constructed. The pnnopat difference in the 
two mam construction bases is that tu^ six crew modules in the GEO concept each have approximately 1 1 5 0f)0 kg of additional 
mass for solar flares shelters. 


418 



MASSdO^ Kg) 


DI80-22876-7 



Transportation Requirements 
LEO vs Gl^ 

• PHOTOVOLTAIC 8ATeLL2T£ 





CONST ¥ LEO GEO LEO T GEO LEO I GEO 

CONCEPT 


^ INCLUDES STRUCT. MODULARITY AND 

ANTENNA TR ANSF E R PENALTY, OVERSIZING 

AND POWER DISTRIB. CHARGEABLE TO ORBIT TRANSFER 
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SELF PQ>VER CONFIGURATION 
PHOTOVOLTAIC SATELLITE 

The self power orbit transfer system used in the LFO construction approucfi has previously been sliown in the power generation 
system comparison. In summary, electrical power generated by the solar arrays is used to power ion electric thrusters which use 
argon propellant. LO 2 /LH 2 tlirusters are also included to provide attitude control during all ocvultafions and during sliort periods 
of time early in the transfer (up to 2 500 km altitude) when thrust required to counter gravity grading torque is greater than that 
provided by electric thrusters. 

The cost optimum trip time and ISp are respectively 180 days and 7.C00 seconds. Variation in number of thrusters, propellant 
tanks, etc do occur in the design to compensate for the case of whether a module is being transpi>rted alone or with an antenna. 
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SPS-1610 


Self Power Configuration 
Photovoltaic Satellite 

■■ -I- 1— ■ 



GENERAL CHARACTERISTICS 

• 5% OVERSIZING (RAOIATIONI 

• TRIP TIME- 180 DAYS 

• I9> - 7000 SEC 


MODULE 

NON 

ANTENNA 

ANTENNA 

CHARACTERISTICS 

MODULE 

MODULE 

• 

NO. MODULES 

6 

2 

• 

MODULE MASS (lO^KC; 

B.7 

23.7 

• 

POWER REQ'O MOBKw) 

0.3 

asi 

• 

ARRAY % 

1 : 

36 

• 

OTS DRY (lO^KG) 

1.1 



ARGON (lO^KG) 

ZO 

aA 

• 

LO 2 /LH 2 (lO^G) 

1.0 

Z8 

• 

ELEC THRUST (103fJ) 

4.5 

1Z2 

% 

CHEM THRUST (lO^N) 

12X) 

5.0 
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SPACE BASED COMMON STAGE OTV 
CEO CONSTRUCTION 

The GEO construction OTV is u space based common stage (2-stage I system with both stages having identical proiH'llonl capacity. 
The first stage provides approximately 2/3 of the delta V ret|uiremenl lor boost uni of low earth orbit al which point it is 
jettisoned for return to the low earth orbit staging depot. The second stage completes the boost from low eartli orbit as well as 
providing the remainder of the other della V requirements to place the payload al GEO and the rr<v «d delta V to return the 
stage to the LEO staging depot. Subsystems for each stage are identical in terms of design approach. The basic difference includes 
the use of four engines in the first stage due to thrust-to-weight requirements of approximately 0.1 S. The second stage requires 
additional auxiliary propulsion due to its maneuvering requirements in the docking of the payload to the construction base at CEO. 
The OTV shown has been sized to deliver a payload taken directly from the launch vehicle (400 000 kg). As a result, the OTV 
startbur.i mass is approximately 890 000 kg with the vehicle having an overall length of S6 meters. 
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Space Based Common Stage OTV 
GEO Construction 


S«^J03 



• PAYLOAD CAPABILITY - 400,000 KO 

• OTV STARTBURN MASS • 890,000 KQ 

• STAGE CHARACTERISTICS (EACH 

• PROPELLANT • 4lS,000 KG 

• INERTS -29,000 KG 

(INCLUDING NOI4IMPULSE PROPELLANT) 

• 280 OTV PLIGHTS PER SATELLITE 
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FLIGHT OfERATIONS 
SVLF POWER ORBIT TRANSFER 

Mighl opera!. on differences be! ween the I wo ofOit transfer vehicle options is mnociKcd by thetr orbit lun^fcr lime. In tla* caw 
<ji the velf power system for l,h() vonstrudion us many as I 2(X) revolutions around the harfli occur prior fo reaching GhO when 
using a I HO day translcr The fligfil schedule including a 40 duy ^.^mstruviion phase indicates as many as five modules can he in 
transit at any one time for the t avc of H mrxiulcs per caleliile 
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FLIGHT OPERATIONS 
CHEMICAL ORBiT TRANSFER 

The mission profile for ihc common sUge LO^/LHj OTV for GEO cunsrnjction rosoHs in u 40 hour mission requirement for the 
first stage and 85 hours for a second stage which delivers Ihc payload, Tliesc times include about 1 2 hours for refueling and refur* 
bishment of each stage. With the requirement of one OTV flight per day with the GhO construction option, a total of two lower 
stages and four upper stages are required. Operated in this maimer, as many as six independently operating stages can be in fliglit 
at one time. 
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SP»l6tO 


Flight Operations 
Chemical Orbit Transfer 

1 2 3 4 5 

FLT V ▼ ▼ ▼ ▼ 





8TG2 

MAJOR BURN M ' " 
SEPARATION • 


6 STAGES 
IN SEPARATE 
PLIGHT 
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CREW ROTATION/RESUPFLY TRANSPORTATION 

( rew rotation/resupply systems consist ol n shuttle growth vehicle for delivery ot personnel to LEO and the standard two-stage 
halhstic/ballisCic launch vehicle tor delivery ot supplies and propellant to LhO. Crew and supply delivery Ivtween LhO and GEO 
use a two-stage LO 2 /LH 2 OPV. The OTV lor the I hO concept is about *4 as large as that lor the (lEO concept and requires one- 
third as many flights because of the signincantly fewer people at (>HO. Since the total orbital crew si/e for the two concepts is 
about the same number of delivery flights to LbO are also the same. Cargo flights to LhO. however, aa' tha*c times greater for 
the GEO approach primarily due to the large OTV propellant requirements. 
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Crew Rotation/Resupply Transportation 




sps-Moa 



• CREW/CARGO TO GEO 

• 2 STAGE LO 2 /LH 2 OTV 

• LEO CONST OTV 

• Ws- 495000 Kg 

• GEO CONST OTV 

• V»s«880 OOOKg 



• CREW TO LEO 

• SHUTTLE GROWTH 

• 7S/FLT 



• CARGO, PROP & OTV't 

• 2 STAGE BALLISTIC 


OTV$ 
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TOTAL CARGO MASS TO LEO 

Total cargo mass requirements to LEO reflect both the payload requirements indicated earlier and the OTV propellant and hard* 
ware requirements. For the three system elements that require transportation, payload requirements are not too different, how* 
ever, the inclusion of the orbit transfer system requirements add significantly to the total mass which iiiu.si he delivered by the 
HLLV. Again, it should be emphasized that the satellite transportation requia*ments are by far the most dominating. 
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8PS-I608 


Total Cargo Mass to LEO 


• ONE SATELLITE PER YEAR 





LEO GEO LEO GEO LEO GEO 

CONSTRUCTION LOCATION 
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SPS CARGO LAUNCH VEHICLE 

As previously stated, the reference ^argo launch vehicle is a two-stage ballistics/bailistic device using LO-i/RP in staip; one and 
LO 2 /LH 2 in stage two. GLOW for this system is approximately 10.5 million kg for the case of delivering 391 000 kg to the con- 
struction base or the staging depot located in LEO with orbit characteristics of 477 km altitude and 3 1 degrees inclination. 
Vehicle operations include first stage separation at a relative velocity of 2970 meters per second and downranpe wafer landing 
approximately 815 km The second stage delivers the payload to the LEO base, docks and returns one day later and also uses a 
water landing. 
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Vehicle 
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NUMBER OF HLLV LAUNCHES 

A most significant impact in the ;irea of launch operations is the difference in the number of launches retiuia’d to support each 
construction location option. The number of flights indicated here are only those relating to the delivery of s;itellite components 
and orbit transfer provisions tor the satellite and are for the case of const rut ting lour satellites per year. As would be expected 
from the transportation re(|uirements chart presented earlier, the LEO construction option rei|uia*s only one half asinany Earth 
•dunches as the GEO construction option. 
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SATELLITES PER YEAR 


435 



D180-22S76-7 


TRANSPORTATION COSTS 
LEO VERSUS GEO 

Total transportation cost for the three major system elements is prescntcii. C ost is rcUleJ to that associated with one saleltile. 
but reflect rates associated with four satellites per year. Tfte ('iarlli*Li!0 bar increments refltfcl the cost of getimit payloads to 
LEO. Accordingly, the LEO-GEO increineiit relates to cost ot‘ refueling orbit transfer vehicles and their unit cost. In the case of 
satellite delivery, Che interest increment r -Jates in the self power trip time of 180 days and the additional interest accrued- (Note- 
Revenue is not lost, only delayed I HO days the same revenue period still exists, i 

The dominating factor in this comparison is that satellite transpc^rtution with LbO construction using wll-powcr provides a S2 
billion (33% savingslover the (lEO construction approach. Crew ruiaiion/resupply transportation cost are also SI50 million 
(36%) lower for the L EO construction concept along with a S200 nulhon <aomgs (a the initial placement of the construction 
bases. 
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Transportation Cost 
LEO vs GEO 


• 4 SATE LUTES/YEAR 


SATELLITE 



CONSTRUCTION BASES 
• INITIAL PLACEMENT 



CONSTRUCTION LOCATION 
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CONSTRUCTJON LOCATION SUMMARY 

A nummary compumon of the LEO and GEO construction locutions is presented with an indication ol which approach is most 
desirable Compared in this manner, a number of parameters result m no si^nitieant dit'lercnccs between the two constrticlion 
location options. However, a mimber of parameters give a clear indication that l.LC) construction is most desirable. Most notable 
among these being transportation costs, simphtied launch operations, and reducctl const niclion base mass and costs. One param* 
eterhas been judged to be in favor ol the GEO construction approach tihe impact on satellite dcsigiu although this data is then fed 
into the transportation comparison which still favors the LEO construction approach. 
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COMPAHISOW PAWAWETtW 

• FAOUTIES 

• SATELLITE (fWR GEN» CONST 

• ANTENNA INSTALLATION 

• CONSTRUCTION EOUI^ 

• CREW REQUIREMENTS 

• ENVIRONMENTAL FACTORS 

• constructionmass&cost 
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Construction location Summary 


location 

LEO GEO 


rationale 


NO SIGNIF. DIFFERENCE 


• SAME CONST BASE 

• STAGING DEPOT m 
FINAL ASSY FACILITV 


NO SIGNIF. DIFF. 

y/ 

NO SIGNIF. DIFF. 

V 

NO SIGNIF. DIFF. 




✓ 


NO SIGNIF. DIFF. 

V 

y/ 


• 1 vs 2 DIRECTION INDEXING 
OFFSET BY MODULE DOCKING 

• ANTENNA FACILITV 
DOESN'T MOVE 


• SAME SIZE BUT MAJORITY 
AT LEO 

• ALL FACTORS CAN BE 
HANDLED WITH ACCEPTABLE 
SOLUTiOltf 

• LIGHTER iOJMMKf, 7%) 

• CHEAPER (tOLSB:B%) 

• NO A OVERSIZING. MODU- 
LARITY OR POMISROIST. 
PENALTY 

• APPROX SAME NO. VEHICLES 
IN FLIGHT 

• ONE-HALFASMANYLAUNCNES 

• CHEAPER (S28; mi 


V INDICATESMOSTPROMISINGCONCEPT 
439 



DI80>22876-7 


CONSTRUCTION/TRANSPORTATION CONC LUSIONS 


Ihc conc'luitions regarding the issues of power generalion system comparison and construction location compariton as influenced 
by construction and transportation factors show a distinct advantage for ■ photnvoltaK' satellite (CR*I ) constructed in low earth 
orbit and transported to GbO using self power. 


440 



DJS0-2M76-7 


Construe tio n /T ransporta tion Conclu sions 

' - ' ' ■ 


THE (»HOTOVOLTAIC SATELLITE (CR - 1) OFFERS SIGNIFICANT ADVANTAGES 
LESS complexity IN FACILITIES AND CONSTRUCTION E(MIP 
SMALLER CONSTRUCTION CREW 
LOWER CONSTRUCTION COST 
LOWER TRANSPORTATION COST 

LEO CONSTRUCTION OFFERS A SIGNIFICANTLY LOWER TRANSPORTATION COST 
OTHER FACTORS ARE COMPARABLE: 

• CONSTRUCTION OPERATIONS 

• SATELLITES IN EITHER CASE REQUIRE ELECTRICAL 
PROPULSION ANO 3 AXIS ATTITUDE CONTROL 

• ENVIRONMENTAL FACTORS CAN DE HANDLED 
WITHOUT EXCESSIVE PENALTIES 
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